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Abstract
The liquefaction behaviour and dynamic properties of reconstituted natural carbonatesilica silty sand samples were investigated in a series of monotonic and cyclic triaxial
tests. The critical state parameters of the mixtures with different levels of fines were
obtained through monotonic triaxial compression tests. Bender element tests were
performed at the consolidation stage to characterize the soil’s initial state and small strain
properties. The results demonstrated that soil contraction capacity, liquefaction potential
and undrained brittleness increase by increasing state parameter. A general correlation
between the shear wave velocity and state parameter was established. The susceptibility
and triggering of liquefaction under cyclic loading were discussed considering the soil’s
composition and state. It was revealed that an increase in state parameter decreases the
cyclic resistance. The results showed that under a constant level of stress, the tested silty
sands were susceptible to flow liquefaction rather than cyclic mobility because of their
loose states, in most of the ranges of their densities. To evaluate the liquefaction
potential, the cyclic resistance and energy capacity of the specimens were determined
from the cyclic test results. Liquefaction triggering curves were developed by relating the
cyclic resistance and energy capacity to the state parameter and normalized shear wave
velocity. Comparing the obtained liquefaction triggering curves with those available in
the literature demonstrated that the tested carbonate-silica silty sands have lower
liquefaction resistance and energy capacity compared to other silty sands. The developed
liquefaction triggering curves might be helpful for preliminary liquefaction assessment of
silica-carbonate silty sands.
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Chapter 1

1

Introduction

1.1 Overview
Liquefaction is a potential seismic-related hazard that can cause damage to slopes,
bridges, and buildings and buried structures. Examples of liquefaction-induced damages
that occurred due to two massive earthquakes (i.e., Alaska and Niigata earthquakes) in
1964 drew the attention of researchers to this subject and since then different methods
have been developed to study this phenomenon.
Current liquefaction evaluation procedures include: stress-based (Seed & Idriss, 1971;
Youd, et al., 2001), strain-based (Dobry, et al., 1981) and energy-based (Nemat-Nasser &
Shokooh, 1979; Law , et al., 1990; Liang, 1995; Green, 2001) methods. The stress- and
strain-based approaches were developed based on field and laboratory data. The level of
stress or strain is determined assuming uniform loading with equivalent numbers of
cycles. The energy-based model was developed based on laboratory data. In this
approach, the energy capacity is calculated as the work done during cyclic shearing. The
stress-based method is more common in practice.
The term liquefaction is used to define the whole phenomenon of excessive deformation
of saturated cohesionless soils (National Research Council, 1985) and most of the current
methods look at the onset of liquefaction. Seed and Lee (1966) separated this
phenomenon into “liquefaction” and “failure”. Based on their suggestions, once
liquefaction is triggered damage occurs and the extent of this damage needs to be studied.
The energy-based method has the potential for evaluating liquefaction initiation by
1

combining the results of cyclic and monotonic loadings. In the energy based method, the
dissipated energy in the soil, up to the failure point, is used as a measure of liquefaction
resistance and is compared with the amount of energy released during the earthquake
shaking. Some advantages of this method are:
1. Energy has been related to the main earthquake parameters such as focal distance
and magnitude of the earthquake (Baziar & Sharafi, 2011).
2. Previous research (Liang, 1995) indicates that regardless of the mode of stress
application, sinusoidal or random, the unit energy needed to initiate liquefaction is
nearly constant for a given effective confining stress and specific relative density.
Therefore, it is not necessary to decompose the time history of shear stress to find
an equivalent number of cycles for a chosen average stress or strain level. Using
the energy concept in evaluating soil liquefaction offers a methodology that is
independent of the form of loading and stress path (Voznesenskya & Nordal,
1999; Dief & Figueroa, 2001; Baziar & Jafarian, 2007).
However, a practical procedure for application of the energy-based method has not been
well-developed and it is required to be refined and calibrated. Therefore, the energybased method will be further investigated in this study and liquefaction triggering curves
will be proposed.
This research investigates the liquefaction phenomenon of carbonate-silica silty sand.
The proposed research program involves a series of monotonic and cyclic triaxial tests
combined with shear wave velocity measurement to characterize soil properties using
bender elements. The measured data was analyzed using the critical state concept, and the
dissipated energy in the soil under cyclic loading was calculated. Liquefaction triggering
2

curves were derived relating the soil energy capacity, state parameter (which combines
the effects of both density and effective confining stress) and the measured shear wave
velocity in the laboratory. Following this step, the available equations can be used to
relate the energy to the in-situ data such as the shear wave velocity.
Because of the random nature of earthquakes, the energy-based procedure offers an
advantage over the stress-based method as it can eliminate some uncertainties related to
assuming uniform loading with equivalent number of cycles and a specific level of stress
or strain (Green, 2001; Baziar & Jafarian, 2007).
This thesis will add to the current knowledge about energy-based liquefaction assessment
method and will present new findings that help in developing energy-based practical
procedure for implementation in practice.

1.2 Background
Seed et al. (1983) reported high liquefaction susceptibility of sand even with the presence
of fines. A review of the cited historic cases of liquefaction revealed that silty sands are
commonly involved in both static and earthquake-induced liquefaction events
(Yamamuro & Lade, 1998; Yamamuro & Lade, 1999; Sadrekarimi, 2013).
Quartz exists in most soils with other available minerals such as feldspar, mica and
carbonates (Mitchell, 1993). Carbonate minerals, mainly calcite, CaCO3, and dolomite,
CaMg(CO3)2, can occur in different depositional environments and have relatively young
geological age (Coop & Airey, 2003). The angular and irregular shape of carbonate soil
particles combined with the presence of voids within the grains makes them more

3

compressible, which results in different shearing behaviour compared to silica sands
(Coop & Airey, 2003; Sharma & Ismail, 2006; Sandoval & Pando, 2012).
The behaviour of relatively clean poorly-graded silica sands has been studied extensively
(e.g., Thevanayagam, et al., 1996a and Thevanyagam, et al., 1996b). However, quartz
sands with small amounts of carbonate minerals, which can be called “carbonate-silica”,
are less studied, while their shearing behaviour is of interest because they can form many
topographical features including embankments and sloped grounds. In addition, most of
the published research on silty sands involves testing specimens that were prepared by
adding silica powder to clean uniform quartz sand. This mixture may not represent
natural silty sands, which have different mineralogy and varying gradation. The effect of
fine particles on the soil matrix behaviour is still controversial due to the conflicting
observations in reported studies (Sadrekarimi, 2013; Bensoula, et al., 2015).
All soils reach the same curve in the void ratio-effective confining pressure-deviator
stress space (e-p'-q), which is denoted as the “critical void ratio line”, upon loading
(under drained or undrained conditions), regardless of their initial density and stress level
(Casagrande, 1936). As shown in Figure 1-1, dilation in dense sand and contraction in
loose sand change void ratio from an initial value towards a unique ‘critical void ratio’
for a given confining pressure, which falls on a unique line in the semi-logarithmic space
of void ratio and effective confining pressure. This unique line is described as the “steady
state” or “critical state line” (CSL) (Poulos, 1981; Been & Jeffries, 1985; Yamamuro &
Lade, 1998).
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Figure 1-1: Schematic explanation of critical state line, contractive and dilative
behaviour under undrained loading
Void ratio and mean normal stress define the initial state of a soil. Mechanical and large
strain behaviour of soil can be related to its initial state relative to the critical state at the
same stress level. Upon shearing under drained conditions, volumetric contraction and
dilation occur in soils with initial states above or below the critical state line, respectively
(Roscoe, et al., 1958; Been & Jeffries, 1985; Robertson, et al., 1995; Yamamuro & Lade,
1998).
The structure of soils with initial states located on the contractive side of the critical state
line may become unstable and collapse due to undrained monotonic or cyclic loading if a
critical strain level or a collapse surface is reached (Sladen, et al., 1985).
Cohesionless soils with initial states on the dilative side of the critical state line may not
experience flow deformation; however, those with initial states close to the critical state
line may contract under loading then become dilative at larger strains. This behaviour is
called limited liquefaction (Vaid & Chern, 1985). These samples usually reach a steady
state at about 8% strain and dilate at higher strains. This temporary condition under
which the sample’s response is changing from contractive to dilative is often called
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“quasi steady-state” (Alarcon-Guzman, et al., 1988) or “phase transformation” (Ishihara,
et al., 1990); and should not be interpreted as a critical state.
Critical state-based frameworks were used in the past to describe the mechanics and
behaviour of clean and silty sands (Been & Jeffries, 1985; Been, et al., 1991; Verdugo &
Ishihara, 1996; Yamamuro & Lade, 1998; Fourie & Papageorgiou, 2001; Bouckovalas, et
al., 2003; Huang, et al., 2004; Papadopoulou, et al., 2010; Sadrekarimi & Olson, 2011;
Sadrekarimi, 2013). In-situ strength and large strain behaviour of sands can be evaluated
by using the state parameter () defined as the difference of the in-situ state and critical
state line in the e-ln(p') space. The state parameter combines the influences of density and
stress level. A positive state parameter can lead to volume contraction in drained shear
and a positive pore water pressure and instability under undrained loading conditions.
However, a negative state parameter may not necessarily provide enough stability in
undrained shear as the samples slightly denser than CSL may show some strain-softening
tendency depending on soil properties, and in the presence of high static driving shear
stress. The state parameter of zero can be considered as a boundary between overall
contractive and dilative behaviour for a preliminary assessment. However, slightly
negative state parameters, e.g., , is reported to be a boundary between
continuous dilative behaviour without any limited liquefaction and a response with phase
transformation that could cause instability (Fourie & Papageorgiou, 2001).
The soil mechanical properties and its behaviour are ideally determined by performing
laboratory tests on high quality undisturbed specimens obtained through expensive
ground freezing, which may not be practical in typical engineering projects.
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Alternatively, the in-situ state of a soil has been related to measurements of in-situ tests
such as SPT, CPT and SCPTU (Been, et al., 1986; Wroth, 1988; Plewes, et al., 1992;
Robertson, et al., 1992; Robertson, et al., 1995; Konrad, 1997; Wride, et al., 2000).
There have also been advances in measuring the in-situ shear-wave velocity through
cross-hole (Angioni, et al., 2003; Nelliat, et al., 2013) and the multichannel analysis of
surface waves (MASW) testing (Lin, et al., 2004; Long & Donohue, 2007) in recent
decades. The shear wave velocity is an attractive parameter to characterize the soil state
as: (1) it can be conveniently measured both in the field and in the laboratory, (2) it can
be normalized to include the effect of overburden stress, and (3) it does not need
corrections for boundary effects (Robertson, et al., 1992; Robertson, et al., 1995;
Cunning, et al., 1995). Several relationships between shear wave velocity (Vs), effective
mean normal stress (p'c), void ratio (e) and state parameter have been developed in the
literature (Hardin & Richart, 1963; Rosler, 1979; Sasitharan, 1994; Robertson, et al.,
1995; Cunning, et al., 1995). Taking advantage of these relationships, Tokimatsu, et al.
(1986) suggested that the measured shear-wave velocity in the field can be used to
reconstitute laboratory specimens to their in-situ state. Thus, in-situ measurements of Vs
can be combined with the correlations developed from laboratory measured data, to
predict the state of soil which affects its large strain behaviour.
As a useful measure of liquefaction susceptibility, in-situ measurements of shear wave
velocity can be used to classify liquefiable and non-liquefiable sites for a given intensity
and duration of earthquake shaking (Dobry, et al., 1981; Seed, et al., 1983; Bierschwale
& Stokoe, 1984; Tokimatsu & Uchida, 1990; Robertson, et al., 1992; Andrus & Stokoe,
2000). Soil void ratio, intrinsic characteristics (grain size distribution, shape, angularity,
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surface roughness and mineralogical composition), structure and effective confining
stress control the shear-wave velocity. The measured shear wave velocity can be
considered as a fundamental parameter of uncemented cohesionless soils, which can be
used to define their state (Robertson, et al., 1995).
A developed relationship using the critical state concept and measured shear wave
velocity along with triaxial testing can be used as a tool for liquefaction assessment by
considering the state parameter of zero as a boundary between contractive and dilative
behaviour.
Liquefaction is caused by excess pore-water generation and the consequent decrease in
effective stress under undrained static and cyclic loadings (Seed & Lee, 1966; Seed,
1979). Liquefaction is usually associated with the loss of strength and development of
large shear strains, which may result in the collapse of structures (Kramer, 1996). Under
cyclic loading, this process results in liquefaction phenomenon in the form of flow
liquefaction or cyclic mobility (National Research Council, 1985; Kramer, 1996; Li &
Ming, 2000; Andrade & Ramos, 2013). The occurrence of either of these two forms of
liquefaction depends on the soil initial state and the level of cyclic loading (Vaid &
Chern, 1985). The sudden increase in pore-water pressure initiates strain softening and
results in flow failure. Flow liquefaction has had fewer occurrences compared to cyclic
mobility; however this form of liquefaction has caused significant damages by
developing unlimited deformations (Kramer, 1996). Cyclic mobility, on the other hand,
occurs after a number of load cycles that leads to a critical level of mean effective normal
stress resulting in a zero effective stress condition. Due to the difference in damaging
effects of these phenomena, it is important to consider both forms in the evaluation of
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liquefaction hazards including susceptibility, initiation and the effects (Ladd, 1978;
Kramer, 1996). The level of disturbance could be measured by the level of load,
displacement or work.
In a dynamic event, work is done during soil deformation and hence some energy is
dissipated through “inter-particle sliding (friction) and elastic strain energy at the
contacts” (Denissen, 2009). The energy capacity of a soil is equal to the amount of
energy required to trigger liquefaction in a unit volume of soil. Pore-water pressure
generation has also been correlated to dissipated energy (Nemat-Nasser & Shokooh,
1979; Law , et al., 1990). A good unique parameter to evaluate the pore-pressure build-up
and induced strain can be dissipated energy (Kokusho, 2013).
The energy capacity can be compared with demand energy that is applied to the soil by
an earthquake. Failure would occur if the demand is higher than the capacity (Green,
2001). Energy capacity is calculated from stress-strain plots obtained from laboratory
tests on soil specimens, which involves elements of both stress- and strain-based
methods. The energy capacity is related to soil density, fines content and the level of
stress (Liang, 1995; Dief & Figueroa, 2001; Baziar & Jafarian, 2007). Simple correlations
are also available to quantify the energy released during earthquakes (Baziar & Jafarian,
2007). Thus, the energy-based method has strong theoretical and physical foundations
(Youd & Idriss, 2001); however, the application of energy-based method in engineering
practice has been very limited as there are no procedures specifically defined for this
method compared to the stress-based procedures (Kokusho & Mimori, 2014). Further
research and development are required in order for the energy-based method to be
adopted as a reliable procedure for liquefaction assessment. In particular, it needs to be
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tested to become a practical procedure for general practice (Youd & Idriss, 2001;
Kokusho, 2013). Determining the relationship between soil state and energy capacity as
well as correlating the energy capacity and shear wave velocity could be important steps
towards developing an energy-based procedure for better practice.
Liquefaction triggering is a term often associated with the observations made during and
after earthquakes (Davis, et al., 1988; Idriss & Boulanger, 2008). Liquefaction triggering
curves that relate cyclic resistance of soil to in-situ measurements have long been
implemented in the stress-based liquefaction evaluation procedure. Meanwhile, sampling
and laboratory testing conducted for routine liquefaction investigations are associated
with several challenges related to sample disturbance and soil variability. Therefore, the
state-of-the-practice for liquefaction assessment is based on field tests (Youd, et al.,
2001). The cyclic resistance ratio is determined for field condition (CRRfield) using the
results of standard penetration test (SPT), cone penetration test (CPT), or in-situ shear
wave velocity (Vs) measurements (Seed & Idriss, 1971; Seed, et al., 1985; Robertson &
Wride, 1997; Andrus & Stokoe, 2000; Youd, et al., 2001; Cetin, et al., 2004; Idriss &
Boulanger, 2004; Moss, et al., 2006).
However, the collapsibility of sands is influenced by different factors, and thus cannot be
captured by penetration tests alone (Alarcon-Guzman, et al., 1988). Shear wave velocity
data can be used to identify the loose zones within a soil mass. However, shear wave
velocity profiles are only available for a limited number of field case histories.
Alternatively, laboratory tests are commonly used to study the relationship between the
liquefaction resistances and shear wave velocity (Tokimatsu, et al., 1986; Yoshimi, et al.,
1989). The small strain measurements from laboratory tests can be related to the cyclic
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resistance because the initial soil fabric only influences the behavior of sands at small
shear strains and has no effect on the large strain deformation characteristics (Castro,
1969; Casagrande, 1976; Poulos, 1981; Castro, et al., 1985; Poulos, et al., 1985).
Soil liquefaction is a complex phenomenon (Kramer & Elgamal, 2001) and therefore
many parameters such as soil properties, loading characteristics and site geometry are
involved in the liquefaction evaluation procedures. In particular, mineralogy and fines
content could affect the liquefaction triggering curves and the soil energy capacity.
Therefore, more studies are required to investigate the effects of these parameters.
The following sections discuss objectives of the current research and outline of the
chapters.

1.3 Research objectives
Given the contradicting behaviour of silty sands reported in the literature and the scarcity
of tests conducted on natural silty sands, more investigations on soils with different
composition, gradation, particle shape and mineralogy is needed. This study aims at
exploring the behaviour of natural carbonate-silica clean and silty sands at different fines
contents through a set of monotonic and cyclic triaxial tests on reconstituted specimens of
synthesized sand and silt that were isotropically consolidated.
The main factors that govern the liquefaction susceptibility are evaluated and determined.
Then laboratory test results are analyzed in the critical state framework to explain the soil
behaviour and used to predict the shearing behaviour of natural carbonate-silica silty sand
with varying levels of low plastic fines content (FC) based on shear wave velocity (Vs)
and mean effective confining pressure (p'c). The critical state lines of soil specimens are
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determined from the drained and undrained monotonic triaxial compression tests, and
their shear wave velocities are measured at the initial state (i.e. end of the consolidation
stage). Utilizing these results, relationships between Vs, p'c and e are established. The
state parameter is then related to the measured shear wave velocity.
The susceptibility and initiation of liquefaction considering the composition and state of
the soil (i.e., state parameter, ) are discussed. The effects of density, confining pressure
and fines content (FC) on the cyclic stress curves are identified as well. Dynamic soil
properties (stiffness and damping ratio) and their variation with the strain level are also
determined from the test results. To characterize the small strain properties of soil, shear
wave velocity measurements are also performed at the consolidation stage using bender
elements.
Cyclic resistance ratios (CRR) of the samples are determined from cyclic triaxial test
results. The cyclic results are then analyzed and the energy capacity of the soil up to
liquefaction is calculated from hysteresis loops. Liquefaction triggering curves that relate
CRR and energy capacity to the soil initial parameters (i.e., state parameter or normalized
shear wave velocity) are then established for the tested soils. The state parameter is
selected for characterizing soil resistance as it captures the combined effects of density
and stress level on the soil state.
Finally, the results obtained from this study are compared with those obtained from
previous studies for similar soils and some correlations are proposed.
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1.4 Methodology
Literature survey: An extensive review of the existing literature on the critical state
behaviour of silty sands subjected to monotonic and cyclic loading was performed with
focus on liquefaction assessment using soil initial parameters and energy-based
procedure.
Soil collection and preparation: Soil was collected from the lower region of the Boler
Mountain in London, Ontario. Basic tests for soil classification were performed. Three
different mixtures with 0%, 10% and 20% FC were prepared by sieving, washing and
dividing the original soil into separate ranges of particle size. The particles were then
oven-dried and remixed before each test to produce target gradations with different FC.
Laboratory experiments: A computer-controlled triaxial testing apparatus (GDS ElDyn)
was employed in this study. Reconstituted samples were prepared by under-compaction
moist tamping method. Specimens of different void ratios were isotropically consolidated
to different levels of confining pressures and shear wave velocity were measured by
bender element testing at consolidation stage. The behaviour of Boler carbonate-silica
soil with three different levels of fines contents (FC) was investigated through a series of
monotonic and cyclic loading.
Data analysis: Monotonic triaxial tests results were analyzed in a critical state frame
work using excel. MATLAB coding was utilized to analyze cyclic test results and
calculate parameters such as soil shear modulus, damping and energy capacity.
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1.5 Thesis outline
This dissertation is presented in an ‘integrated article’ format and comprised of six
chapters. The description of these chapters is summarized below.
Chapter 2 reports the study of static liquefaction behaviour of isotropically consolidated
carbonate-silica silty sand samples in compression monotonic triaxial tests. Effects of the
fines content, void ratio and effective confining pressure on stress-strain behaviour and
pore pressure generation are also discussed in Chapter 2. Discussion on friction angle and
shear strength are provided as well. The importance of fine particles mineralogy is
presented in Chapter 2 by comparing behaviours of samples with different fines material.
Chapter 3 presents a laboratory study of soil state and shear wave velocity. The critical
state parameters of carbonate-silica silty sand mixtures with different levels of fines,
obtained through monotonic triaxial compression tests on isotropically consolidated
samples, are reported. A relationship between soil state parameter and the measured shear
wave velocity is established to estimate the contractive or dilative behaviour of the
carbonate-silica silty sands at large strains and susceptibility to static liquefaction.
Discussions on soil’s compressibility and comparison of the results with previous studies
on clean and silty sands are also included in Chapter 3.
Chapter 4 presents cyclic behaviour and dynamic properties of carbonate-silica silty
sands with different levels of fines content, which are evaluated by performing cyclic
triaxial and bender element tests. It discusses the susceptibility and triggering of
liquefaction in these types of soil considering fines content, stress level, void ratio and
cyclic stress ratio. Determination of the dynamic properties of carbonate-silica silty sands
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(i.e., shear modulus and damping) and their variation with shear strain are included in this
chapter.
Chapter 5 reports an investigation of the liquefaction potential of carbonate-silica silty
sands by means of cyclic triaxial and bender element tests on reconstituted specimens of
synthesized sand and silt and using energy, state parameter and shear wave velocity. It
presents liquefaction triggering curves that are developed by relating the cyclic resistance
and energy capacity to the state parameter and normalized shear wave velocity of the soil.
The comparisons of the obtained liquefaction triggering curves with those available in the
literature are also included in the chapter.
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Chapter 2

2

Static liquefaction behaviour of carbonate-silica silty
sand in triaxial compression tests

2.1 Introduction
Seed et al. (1983) reported high susceptibility to liquefaction of sand even with the
presence of fines. A review of the cited historic cases of liquefaction revealed that silty
sands are commonly involved in both static and earthquake-induced liquefaction
(Yamamuro & Lade, 1998; Yamamuro & Lade, 1999; Sadrekarimi, 2013). For example,
Terzaghi (1956), Andresen and Bjerrum (1968) and Bjerrum (1971) reported failed
shallow submarine slopes composed of young natural deposits composed mainly of silty
sands.
There is a limited amount of fines that can be contained in the voids without affecting the
sand-dominated matrix, which is denoted as the “threshold fines content”. This limiting
fines content is around 20 to 30%, beyond which the fines become dominant in the soil
structure (Pitman, et al., 1994; Thevanayagam & Mohan, 2000; Polito & Martin, 2001).
Meanwhile, simple geometrical models of soil fabric that consider different sizes of
spheres cannot take into account the effect of the intrinsic microstructural characteristics
and plasticity of the fines. So they may not be suitable to explain the mechanical response
of sands containing different types of fines (Carraro et al., 2009).
Most soils are formed from the breakdown of rocks and soils, and they contain the
original source material. Quartz exists in most soils with other available minerals such as
feldspar, mica and carbonates (Mitchell, 1993). Carbonate minerals, mainly calcite,
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CaCO3, and dolomite, CaMg(CO3)2, could occur in different depositional environments
and have relatively young age (Coop & Airey, 2003). The angular and irregular shape of
carbonate soil particles combined with the presence of voids within the grains makes
them more compressible, which results in different shearing behaviour compared to silica
sands (Coop & Airey, 2003; Sharma & Ismail, 2006; Sandoval & Pando, 2012).
The behaviour of relatively clean poorly-graded silica sands has been studied extensively
(e.g. Thevanayagam, et al., 1996a; Thevanyagam, et al., 1996b). However, quartz sands
with small amounts of carbonate minerals, which can be called “carbonate-silica”, are
less studied while their shearing behaviour is of interest as they form many topographical
features including embankments and sloped grounds. In addition, most of the published
research on silty sands involved testing specimens that were prepared by adding silica
powder to clean uniform quartz sand. This mixture may not represent natural silty sands,
which have different mineralogy and varying gradation. The effect of fine particles on the
soil matrix behaviour is still controversial due to conflicting observations in reported
studies (Sadrekarimi, 2013; Bensoula, et al., 2015).
Some researchers reported more contractive response of silty sand mixtures at a given
state, manifested by a reduction of undrained shear resistance and the occurrence of
complete static liquefaction with the addition of fines up to 40% even at a high relative
density of 60% (Chang, et al., 1982; Yamamuro & Lade, 1997; Naeini & Baziar, 2004;
Yamamuro, et al., 2008). However, other researchers reported increased dilatancy and
reduced liquefaction potential with increasing silt content (Robertson & Campanella,
1985; Seed, et al., 1985; Troncoso & Verdugo, 1985; Pitman, et al., 1994; Vaid, 1994;
Yamamuro & Lade, 1998; Carraro, et al., 2009). Similarly, Pitman et al. (1994) observed
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a reduction in liquefaction potential for moist tamped samples of Ottawa sand as fines
content (FC) increased from 10 to 40%. They reported that both plastic and non-plastic
fines (i.e., Kaolinite and crushed silica fines) had the same influence on the specimen’s
behaviour in undrained shearing. On the other hand, Georgiannou et al. (1990) reported
increased strain softening and larger strains to phase transformation state in consolidated
undrained (CU) tests as the clay content of slurry-deposited anisotropically consolidated
clayey sands increased from 4.6 to 10% at a constant void ratio. Increased contractive
response was also reported with the presence of small amounts of plastic fines, e.g., 15%
(Carraro, et al., 2009).
Given the contradicting behaviour of silty sands reported in the literature and the scarcity
of tests conducted on natural silty sands, more investigations on these soils with different
composition, gradation, particle shape and mineralogy is needed. This study aims at
exploring the behaviour of natural carbonate-silica silty sands at different fines contents
through a set of monotonic triaxial compression tests.

2.2 Material
The soil investigated in this study was collected from the lower region of Boler Mountain
in London, Ontario. The mountain is located in the western suburban neighbourhood of
Byron. Quaternary geology of southern Ontario characterizes deposits of Byron region as
Glaciofluvial outwash and ice-contact. The soil particles were inspected visually by using
a magnifying glass as well as using scanning electron microscope (SEM) images (Figures
2-1 and 2-2). The soil was classified as fine to medium grained material and the particles
had subangular to angular shapes in a variety of colours (black, brown, grey and white).
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The grain size distribution and index properties of the soil were determined following the
applicable ASTM standards and the results are reported in Figure 2-3 and Table 2-1. Dry
and wet sieving of the Boler Mountain soil show that it is a silty sand with about 17% of
low plastic fines. A particle specific gravity of 2.72 was determined based on ASTM
(2010a). The natural soil had a mean particle size (D50) of 0.28 mm, uniformity
coefficient of 8.3 and a curvature coefficient of 1.6, which classifies as a well-graded
silty sand (SW-SM) according to the Unified Soil Classification System (ASTM, 2011).
Atterberg limits test (ASTM, 2010b) was performed on the particles passing sieve #200
and the results showed a liquid limit of 23.6%, plastic limit of 21.1% and a plasticity
index of 2.5%. This indicates the fines have very low plasticity and that the silty sand
mixture is non-plastic.
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Figure 2-1: Scanning electron microscopy (SEM) images of sand grains.

Figure 2-2: Scanning electron microscopy (SEM) image of fine particles.
The minimum density was determined using the method C of ASTM (2000) standard
procedure through depositing material by inverting a graduated cylinder. Maximum
density for the mixtures of different fines contents was determined following a procedure
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that does not cause degradation or crushing of soil particles (Naghavi, et al., 2015).
Extreme void ratios corresponding to the maximum and minimum densities are presented
in Table 2-1 and Figure 2-4.
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Figure 2-3: Particle size distribution of carbonate-silica silty sand.
To study the behaviour of this natural silty sand, three different mixtures with FC = 0, 10
and 20% were prepared. This was accomplished by sieving and washing the collected
(original) soil to separate different particle sizes. Particle fractions were then oven-dried
and subsequently remixed before each test in order to produce target gradations with
different fines contents. As illustrated in Figure 2-3, compared to the gradation of the
original sand, the mixtures gradation curves were only shifted vertically and the original
shape of the particle size distribution was nearly preserved. Characteristics of the
mixtures are presented in Table 2-1.
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Table 2-1: Grain size characteristics and index properties of the tested silty sand
mixtures.
Soil
Description
Clean Sand
Silty Sand 10%
Boler Silty Sand
Silty Sand 20%

FC
(%)
0
10
17
20

D10
(mm)
0.14
0.08
0.04
0.04

D30
(mm)
0.25
0.21
0.15
0.14

D50
(mm)
0.42
0.31
0.28
0.25

D60
(mm)
0.54
0.42
0.34
0.32

Cu

Cc

Gs

emin

emax

3.9
5.6
8.3
8.0

0.8
1.3
1.6
1.5

2.72
2.72
2.72
2.72

0.525
0.458
0.409
0.409

0.690
0.696
0.744
0.744

Cu and Cc are the coefficients of uniformity and curvature, respectively.
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Figure 2-4: Extreme void ratios of the carbonate-silica silty sand with different FC.
To detect the presence of carbonates and estimate its content, Chittick test (Dreimanis,
1962) was performed on the soil. Based on the volumetric dissolution of the CO2
produced from the reaction of the 10% hydrochloric acid (HCl) solution and soil particles
in the Chittick gasometric apparatus, an average carbonate content of 25% was
determined for the silty sand used here. X-ray diffraction tests were also carried out on a
grinded mixture of the original soil and the results suggest that the primary soil minerals
are quartz (SiO2) and carbonates in the form of calcite, CaCO3, and dolomite,
MgCa(CO3)2. Hence, the soil is categorized as a carbonate-silica silty sand.
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2.3 Testing apparatus
A computer-controlled triaxial testing apparatus (GDS ElDyn) was employed in this
study. The system can achieve a maximum cell pressure and back pressure of 1 MPa by
means of pneumatic and hydraulic controllers, respectively. Three pressure transducers
with capacity of 1 MPa are used to measure the cell pressure, back pressure and porepressure. An optical encoder on the axial electromechanical actuator provides precise
measurement of very small axial displacement of 0.0001 mm and up to 25 mm in
compression A submersible load cell, with a capacity of 4 kN and resolution of 1 N, is
also used to monitor the axial load. The accuracy of the measurements of the load cell
and pressure transducers is 0.1% and 0.25% of their full range, respectively. The machine
is capable of measuring stresses as low as 0.1 kPa and sample volume changes of 1 mm3.

2.4 Sample preparation and saturation
The monotonic shearing behaviour of silty sand mixtures was studied by conducting
undrained and drained triaxial compression tests on samples of different densities
consolidated to different confining pressures (p'c). Cylindrical soil samples with a
diameter of 50 mm and a height of 100 mm were prepared and tested. To avoid the effect
of particle damage on the triaxial test results, the tested soil samples were not reused.
After each experiment, the tested material was sieved in order to detect any changes in
gradation due to particle abrasion or crushing.
Before sample preparation, all the drainage lines of the triaxial machine were first flushed
with de-aired water to remove any air bubbles. A split mold was then assembled on the
base pedestal enclosing a 0.3 mm-thick latex membrane, which was fixed to the base
28

pedestal by an O-ring. Samples with different initial void ratios were then prepared using
the under-compaction moist tamping method (Ladd, 1978). Wet soil with a small
percentage of moisture (e.g., 5%) was placed in the split mold in 5 layers of equal volume
and different masses which increased linearly from the bottom to the top of the specimen.
A flat circular tamper with a diameter equal to half the sample size was used to compact
each layer up to a height of 20 mm. This was checked by a graded tape attached to the
tamping rod. After placing the soil, the split mold was disassembled and removed and the
soil specimen was covered by an additional latex membrane using a membrane stretcher
device, and two additional O-rings were placed around the bottom of the sample. The
split mold was assembled again around the sample as a support. The top-cap was
carefully placed on the sample and covered by two membranes and three O-rings. The
extra membrane helped in sealing the specimen and prevented leakage. Specimen
dimensions were then measured with a caliper and the soil specimen diameter was
determined by deducting the thickness of the membranes from the sample diameter.
Finally, the cell was placed and fixed on the base and the chamber was placed on the
loading frame and filled with water.
Due to the presence of carbonates, carbon dioxide was not used during sample saturation
in order to avoid adverse effects and dissolution of soil particles in the acidic pore water
(Chaney, et al., 1979; Baldi, et al., 1988; Mitchell, 1993). Therefore, only de-aired water
was used to flush the sample from the bottom to the top under a backpressure of 5 kPa
and a confining pressure of 15 kPa. Flushing was continued for 2 to 5 hours, depending
on the amount of fine material in the mixture, until all air bubbles were expelled from the
sample. Cell pressure and back pressure were then simultaneously increased up to 710
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and 700 kPa, respectively, while maintaining an effective confinement of 10 kPa, to
assure a high degree of saturation at a B-value of at least 0.95. In general, soil
permeability influences the saturation process and the samples with lower fines content
reach B > 0.95 relatively quicker than those with higher fines content.

2.5 Testing program
The behaviour of Boler carbonate-silica soil with three different levels of fines contents
(FC) was investigated through a series of consolidated drained (CD) and consolidated
undrained (CU) triaxial tests. Test specifications are presented in Table 2-2. Specimens of
different void ratios were isotropically consolidated to confining pressures of 50, 100,
150, 200 and 250 kPa.
Strain-controlled monotonic shearing was commenced at a strain rate of 4% per hour and
the samples were sheared up to an axial strain of 24%. The shearing rate of 4% per hour
was chosen to allow full equalization and dissipation of the excess pore-water pressure
during the undrained and drained triaxial tests, respectively. This rate of shearing was
calculated based on reaching failure or the full development of pore-water pressure in
loose samples under undrained conditions at approximately 8% of axial strain in 120
minutes. Strain to failure is estimated to be 8% for the soil used in this study and 120
minutes is a practical lower limit for the time-to-failure (tf) in CU tests of soils with a
calculated tf of less than 2 hours. For specimens with a height-to-diameter ratio of 2, and
without side drains, tf is calculated from the following equations (Head, 1986):
𝐭 𝐟 = 𝟎. 𝟓𝟏 × 𝐭 𝟏𝟎𝟎 𝐟𝐨𝐫 𝐂𝐔 𝐭𝐞𝐬𝐭𝐬

(2-1)

𝐭 𝐟 = 𝟖. 𝟓 × 𝐭 𝟏𝟎𝟎 𝐟𝐨𝐫 𝐂𝐃 𝐭𝐞𝐬𝐭𝐬

(2-2)
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where the time required to reach the end of primary consolidation (t100) is calculated from
the variation of consolidation volume change with square root of time for a triaxial
sample. The intersection between the horizontal line representing the end of primary
consolidation and the extension of the linear portion of the initial part of the plot is read
as (t100)2 (Bishop & Henkel, 1962). The tested silty sands had high permeability with t100
= 3.24 minutes. Since the calculated tf for the tested specimens (using Equations 2-1 and
2-2) was much smaller than 120 minutes, and tf was taken as 2 hours.
Table 2-2: Specifications of the tests performed in this study.
Test ID.
FC0BS17
FC0BS4
FC0BS10
FC0BS1
FC0BS13
FC0BS24
FC0BS25
FC0BS15
FC10BS27
FC10BS25
FC10BS7
FC10BS26
FC10BS17
FC10BS21
FC10BS19
FC10BS22
FC20BS9
FC20BS4
FC20BS21
FC20BS20
FC20BS23
FC20BS7
FC20BS18
FC20BS26

FC
(%)
0
0
0
0
0
0
0
0
10
10
10
10
10
10
10
10
20
20
20
20
20
20
20
20

pc'
(kPa)
100
100
100
100
200
200
200
250
100
100
100
100
150
200
200
250
100
100
100
100
100
200
200
250

e
0.675
0.664
0.650
0.559
0.664
0.607
0.575
0.664
0.675
0.650
0.575
0.483
0.525
0.575
0.525
0.575
0.675
0.650
0.472
0.505
0.440
0.575
0.525
0.575

Dr
(%)
9
16
24
79
16
50
70
16
9
19
51
89
72
51
72
51
21
28
81
71
91
50
65
50

Shearing
Type
CD
CU
CU
CU
CU
CU
CU
CU
CD
CU
CU
CU
CU
CU
CU
CU
CD
CU
CU
CU
CU
CU
CU
CU

State
Parameter
0.024
0.013
-0.001
-0.092
0.020
-0.037
-0.069
0.022
0.153
0.128
0.053
-0.039
0.015
0.073
0.023
0.079
0.191
0.166
-0.012
0.021
-0.044
0.118
0.068
0.126

Behaviour in Shearing

IB

Contractive
Strain Softening
Strain Softening
Strain Hardening
Strain Softening
Limited Liquefaction
Strain Hardening
Strain Hardening
Contractive
Strain Softening
Strain Softening
Strain Hardening
Post Peak Strength Reduction
Strain Softening
Post Peak Strength Reduction
Strain Softening
Contractive
Strain Softening
Post Peak Strength Reduction
Post Peak Strength Reduction
Strain Hardening
Strain Softening
Strain Softening
Strain Softening

NA
0.622
0.877
NA
0.678
NA
NA
NA
NA
0.910
0.810
NA
0.397
0.887
0.120
0.865
NA
0.787
0.663
0.623
NA
0.854
0.873
0.865

FC0, FC10 and FC20 in test numbers indicate fines content and BS indicates Boler Soil.

Necessary corrections in routine triaxial tests for effects of enlarged area (barreling
failure) and membrane resistance (plastic failure) (Head, 1986) were applied to the test
data. For all tests, except for those in which membrane wrinkling was observed,
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membrane resistance was estimated from the formula proposed by Henkel and Gilbert
(1952). For CU tests in which excess pore-water pressures resulted in strain softening and
membrane buckling, membrane resistance was estimated based on the procedure
recommended by Greenuw et al. (2001). Due to the fine gradation of the silty sand used
in this study, the effect of membrane penetration was small.
The critical state lines of the three mixtures were determined. Under drained conditions,
the critical state is defined as the point where the void ratio and the normal and shear
stresses remain constant under continued shearing (Casagrande, 1936). Under undrained
conditions, critical state is reached if the pore pressure and effective stresses remain
constant at large strains. Figure 2-5 presents the critical state lines of these mixtures.
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e = -0.028ln(p') + 0.651
R² = 0.837

FC=10%

e = -0.039ln(p') + 0.664
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e

0.8

e = -0.010ln(p') + 0.697
R² = 0.793
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Figure 2-5: Critical state lines of carbonate-silica silty sand with different FC.
The state parameter of the samples, given by the difference between the void ratio at the
current state of the specimen (p'c and ec) and the critical state void ratio at the same mean
stress (p'c), was determined and is reported in Table 2-2. Relative density, void ratio and
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effective confining pressure are not solely sufficient to interpret soil behaviour because
state parameter could control the behaviour of soil; in undrained shearing, positive or
negative state parameters could be representative of contractive or dilative behaviours,
respectively. In the current research, the sample state parameter could explain its
behaviour in shearing for most cases.
It is observed from Table 2-2 that the specimens with large positive values of state
parameter liquefied and experienced strain softening regardless of the level of fines. In a
couple of samples, however, the state parameter did not represent the behaviour. For
example, contractive and dilative behaviours were observed in specimens FC20BS21 and
FC0BS15 as shown in Table 2-2, but their state parameters were negative and positive
which is in contrast with their behaviours. These exceptions could be due to assuming
unique and linear critical state locus, or due to the possible errors associated with
determination of specimen’s void ratio.

2.6 Consolidated drained shearing results
Consolidated drained tests were conducted to characterize the response and volumetric
change of the carbonate-silica soil specimens under drained conditions. Drained shear
tests were performed on specimens of different FCs, with approximately the same void
ratio and consolidated under the same confining pressure. Stress-strain curves and
variations of volumetric strain during shearing are presented in Figure 2-6.
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Figure 2-6: Typical results from CD tests on loose samples of clean sand and silty
sand: (a) deviatoric stress vs. axial strain, (b) volumetric strain vs. axial strain.
It can be observed from Figure 2-6 that while all samples mobilize approximately similar
deviator stresses, silty sands with FC = 10% and 20% show significantly larger
volumetric contraction during drained shearing compared to clean sand. This suggests
that clean sand samples of the same void ratio under the same confining pressure have
less contractive tendency in shearing. In other words, even small amounts of carbonatesilica fines (e.g., 10 and 20%) can influence the soil matrix, participate in the soil
structure volume change and increase its volumetric contraction capacity during shearing.
Thus, the threshold fines content for this natural soil is likely less than 10%.

2.7 Consolidated undrained shearing results
2.7.1

Stress-strain behaviour

The response of loose, medium-dense and dense samples in undrained shearing is studied
herein. Typical undrained shearing behaviour of sand and silty sand with non-plastic
fines has been classified in past studies as flow failure (strain softening), limited
liquefaction, and non-flow (strain hardening) (Ishihara, 1996).
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The flow potential of specimens with contractive behaviour during undrained shearing
can be quantified by the undrained brittleness index (IB) (Bishop, 1971) defined as,
𝐈𝐁 =

𝐮𝐧𝐝𝐫𝐚𝐢𝐧𝐞𝐝 𝐩𝐞𝐚𝐤 𝐬𝐡𝐞𝐚𝐫 𝐬𝐭𝐫𝐞𝐧𝐠𝐭𝐡−𝐮𝐧𝐝𝐫𝐚𝐢𝐧𝐞𝐝 𝐜𝐫𝐢𝐭𝐢𝐜𝐚𝐥 𝐬𝐡𝐞𝐚𝐫 𝐬𝐭𝐫𝐞𝐧𝐠𝐭𝐡
𝐮𝐧𝐝𝐫𝐚𝐢𝐧𝐞𝐝 𝐩𝐞𝐚𝐤 𝐬𝐡𝐞𝐚𝐫 𝐬𝐭𝐫𝐞𝐧𝐠𝐭𝐡

(2-3)

The brittleness index ranges from 0 to 1; the higher values indicate larger reduction in
shear strength, while lower IB values indicate decreased tendency of soil contraction and
minimal strain-softening (Sadrekarimi, 2014). When strain softening is triggered,
progressive development of large deformations occurs in materials with high brittleness
index; while in those with low brittleness index, initiation of strain softening may not
lead to large deformations (Pitman, et al., 1994). Although low IB may not result in strain
softening and large deformation, it can still cause instability in the case that residual
(critical) shear strength is less than static driving shear stress.
In this study, three types of behaviour were observed during shearing of clean sand
samples depending on their state, while consolidated silty sand samples with low plastic
fines only experienced strain softening or strain hardening depending on their
consolidation void ratios and stress levels and did not show limited liquefaction type
behavior. Figures 2-7 to 2-9 present the observed behavior of the specimens of clean sand
and silty sand with different FC of carbonate-silica particles and subjected to undrained
shearing. The values of IB for each test are also indicated on Figures 2-7 to 2-9.
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Figure 2-7: CU test results on loose specimens of different FCs: (a) deviatoric stress
vs. axial strain, (b) pore pressure ratio vs. axial strain.

Figure 2-8: CU test results on medium-dense specimens of different FCs at the same
void ratio: (a) deviatoric stress vs. axial strain, (b) pore pressure ratio vs. axial
strain.
These figures demonstrate examples of strain softening and strain hardening behaviours
and their corresponding stress paths are presented in Figure 2-10. The observed limited
liquefaction with quasi steady-state in clean sand specimen is shown in Figure 2-9.
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Figure 2-9: CU test results on medium-dense specimens of different FCs at the same
relative density: (a) deviatoric stress vs. axial strain, (b) pore pressure ratio vs. axial
strain.

Figure 2-10: Stress paths from CU tests on mixtures of different FCs: (a) loose
samples, (b) medium-dense samples.

2.7.2

Effect of fines

The effect of FC is studied at different levels of relative density. For this purpose,
undrained responses of specimens with different levels of FC are compared at constant
void ratio and effective confining stress in plots of deviator stress and pore pressure
versus axial strain as well as in stress path plots. Figure 2-7 shows that under an effective
confining pressure of 100 kPa and a void ratio of 0.650 corresponding to relative
densities less than 30%, loose clean sand and silty sand samples exhibit brittle stress37

strain behaviours. They reached their peak strengths at axial strains between 0.3 to 1%,
and then experienced strain softening after this point. Critical states were reached at axial
strains of 8-10%. Adding 10% fines to loose samples, raised brittleness index; but higher
fine levels of 20% slightly reduced contraction (FC20BS4, FC10BS25, FC0BS10). As
the brittleness index is close in these samples, the importance of the overall soil structure
failure at these densities is clear regardless of FC. Static liquefaction is thus a
characteristic and typical behaviour of these loose samples, regardless of their
mineralogy, gradation and the level of FC.
Figure 2-8 presents similar comparison of stress-strain behaviours at the same void ratio
of approximately 0.575, corresponding to relative density of 70% in clean sand and 50%
in silty sand (FC20BS7, FC10BS21, FC0BS25). Clean sand specimens experienced strain
hardening with volumetric dilation tendency in the form of negative pore pressure,
whereas silty sand specimens displayed strain softening. Stress-strain behaviour was also
compared at the same level of relative density as shown in Figure 2-9. Both comparisons
under constant relative density and void ratio presented in Figure 2-8 and Figure 2-9
showed that silty sand samples experience strain softening in medium-dense packing, and
clean sand samples have tendency for dilation under this range of confining pressure at
relative density higher than 30%.
Generally, depending on density and stress level (state of soil), pore pressure increased
with significant loss of strength and strain softening occurred in loose clean sand
samples. Flow liquefaction occurred in the samples with development of pore water
pressure, and subsequently a pore pressure ratio larger than 0.85 was obtained. For these
samples, IB varied from 0.673 to 0.877. The higher the pore pressure ratio, the larger
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brittleness index and post-peak strength reduction was observed. Some clean sand
samples experienced limited liquefaction (Figure 2-9) and phase transformation was
observed in their stress-strain response at axial strains between 5 and 8 %. These samples
exhibited strain hardening after this level of strain but did not reach critical state in the
range of axial strains tested in this study. Dense samples of clean sand displayed dilation
in the form of pore pressure decrease with strain hardening behaviour.
The behaviour of silty sand samples was different. They experienced either flow
liquefaction or strain hardening, without displaying limited liquefaction behaviour.
Figure 2-11 and Figure 2-12 show that some silty sand specimens with lower void ratios
exhibited another behaviour, which revealed a transition from dilative to contractive
behaviour during shearing. Stress paths of these tests are shown in Figure 2-13. This
transitional behaviour is confirmed in CU and CD tests by assessing pore pressure and
volume changes, respectively. This behaviour includes slight dilation in the form of pore
pressure decrease in CU tests or volume increase in CD tests, followed by some
contraction that did not result in full pore-water pressure development. However, the
excess pore pressure was large enough to cause a post-peak strength reduction.
This transitional behaviour was observed in specimens with a relative density greater than
60%. For example, silty sand samples with a relative density between 65 to 75% sheared
undrained under confining pressures of 100, 150 and 200 kPa, experienced slight dilation
in the form of pore pressure decrease at axial strains between 2 to 3%. After this stage,
pore pressure developed partially and caused some post-peak strength reduction. Low
values of brittleness index were obtained for these tests. State of samples that display this
behaviour can be considered a transition from complete dilation to complete liquefaction.
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The strength reduction is important in flow failures and slope failures in the case that
residual shear strength is less than static driving shear stress. The post peak strength
reduction can result in potential damage under loading if it is not considered in
preliminary designs. Compressible nature of carbonate fines of low-plasticity could have
contributed to the post-peak strength loss which will be discussed later in this paper.
For silty sand with 10% of carbonate-silica fines, perfect dilation or strain hardening was
observed in samples with relative density larger than 75%. On the other hand, complete
contraction or strain softening in the form of pore pressure increase or volume decrease
was observed in samples with relative density smaller than 65%. Samples with 10% FC
sheared under effective confining pressure of 150 and 200kPa exhibited momentary
dilation and transition to contraction at axial strains between 2 to 3%. The excess pore
pressure was partially developed and pore pressure ratio reached values between 0.5 and
0.8, and then remained constant. Post-peak strength reduction occurred due to partial
development of excess pore pressure but these samples did not reach critical-state of
constant stress and volume (FC10BS17 and FC10BS19) or (FC20BS20 and FC20BS21).
Dilation was possibly suppressed by contraction due to compressibility of fine particles
and their low plastic nature.
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Figure 2-11: Undrained behaviour of dense silty sand samples with post peak
strength reduction: (a) q vs. a, (b) ru vs. a.

Figure 2-12: Undrained behaviour of dense silty sand samples with post peak
strength reduction: (a) q vs. a, (b) ru vs. a.

Figure 2-13: Undrained stress path of dense silty sand samples with post peak
strength reduction: (a) FC=10%, (b) FC=20%.
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The relative density between 65 to 75% might be called a transition point of density;
perfect dilation and perfect contraction happens at densities out of this range. Earth
structures made of silty sand at these ranges of densities should be carefully analyzed.
Silty sand with 20% fines had a similar behaviour to silty sand with 10% fines; except
that the point of transition was relative density in the range of 70% to 80% which
corresponds to 0.509 to 0.476 in terms of void ratio. The transition point (65 to 75% of
relative density) for silty sand with 10% fines corresponds to 0.517 to 0.541 in terms of
void ratio. These silty sand specimens had positive state parameter which shows that they
contract under shearing to reach the critical state void ratio. The same trend was also
reported by Fourie and Papageorgiou (2001) for the mixtures of Merriespruit gold
tailings. The experimental results indicated that higher relative density is necessary for
the mixtures of higher FC to locate the soil state below its particular critical state line and
to render its strain hardening.
Figure 2-14 displays the effect of FC on contraction of dense silty sand. Comparing the
transition points of lower void ratio for lower and higher FC (10% and 20%) confirmed
that at the same void ratio, contraction potential (brittleness index) increased as FC
increased from 10 to 20%. For example, if only silty sand samples are compared at the
same void ratio and the same confining pressure, strain-softening tendency increases by
increasing FC from 10% to 20% in dense samples of silty sand (FC10BS19, FC20BS18).
At a constant confining pressure and the same void ratio, the higher positive state
parameter of specimen FC20BS18 compared to specimen FC10BS19 clearly
demonstrates the higher contraction potential of specimens with higher FC.
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Figure 2-14: Effect of fines on contraction of dense silty sand: (a) deviatoric stress
vs. axial strain, (b) pore pressure ratio vs. axial strain and (c) stress paths.
This special behaviour was also reported in a study on Christchurch silty sands of 20 and
30% FC, which showed contractive behaviour followed by dilation in dense samples with
64% and 75% relative density (Rees, 2010). The behaviour was more evident in samples
with higher FC, which was interpreted as higher meta-stability of soil structure in
presence of additional fines (Rees, 2010). Primary minerals found in the Christchurch soil
were quartz and feldspar but also includes biotite, chlorite, calcite and magnetite (Brown
& Weeber, 1992). In another study, moist tamped Masado soil specimens containing FC
of 8% and gravel portion of 55% displayed similar behaviour during undrained
compression tests (Tsukamoto, et al., 1998). Additionally, Lade and Yamamuro (1997)
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examined the effect of non-plastic fines mixed with four different clean uniformly-graded
sands. They reported that the static liquefaction potential can greatly increase because of
fines. However, FC higher than 40% did not increase liquefaction potential beyond a
certain maximum level for sand with 60% relative density.
The above results show that for silty sand with these levels of fine material there is a
point for transition from complete strain hardening (non-liquefiable) to complete strain
softening (flow liquefaction). The transition point, which is the maximum density that
would permit excess pore water pressure development and post-peak softening, was not
seen in the response of clean sand samples under compressional shearing. The post-peak
softening is not considered as complete static liquefaction in which excess pore-water
pressure ratio is larger than 0.85. On the other hand, complete strain hardening with
development of negative pore pressure was observed in very dense sand samples of silty
sand as shown in Figure 2-15.
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Figure 2-15: Typical undrained behaviour of very dense silty sand samples showing
strain hardening: (a) deviatoric stress vs. axial strain, (b) pore pressure ratio vs.
axial strain and (c) stress paths.

2.7.3

Pore pressure generation

High excess pore water pressure was generated in clean sand and silty sand samples,
which experienced complete liquefaction. These samples had high brittleness index and
excess pore water pressure ratio exceeded 0.85. Lower level of pore water pressure
developed in silty sand samples with states locating at the transition point from complete
liquefaction to complete dilation. Some excess pore pressure was also generated in clean
sand samples that experienced limited liquefaction followed by strain hardening. The
pore pressure ratio was about 0.71 to 0.85 at the quasi steady-state which occurs at axial
strains of about 5 to 8%.
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Figure 2-16 presents variation of pore pressure ratio versus brittleness index for all
samples including those that reached critical state or experienced post peak strength loss
and did not reach critical state in the range of applied strains.
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Figure 2-16: Variations of pore pressure ratio (ru) with brittleness index (IB).
At complete liquefaction, which is a result of full generation of pore water pressure or
high pore pressure ratios, IB values are higher than 0.85 and very close to each other for
mixtures of different fine contents. When soil structure has less volumetric contraction
capacity, pore water pressure is partially developed and IB decreased. Figure 2-16
suggests that high levels of pore water pressure ratio correspond to large brittleness
indexes. This occurred in loose specimens regardless of FC, which means contraction of
loose soil structures resulted in high excess pore water pressures and strength loss,
regardless of the amount of fines material. At lower level of brittleness index, pore
pressure ratio was higher for mixtures of lower fines and this suggests that the same level
of brittleness index can occur in clean sands with larger pore water pressure due to less
contraction capacity while higher compressibility of clean sands exhibit in lower excess
pore water pressure but the same brittleness. In other words, at the same level of pore
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water pressure ratio, samples with higher FC have higher brittleness indices and are at
higher risk of flow failure due to their higher compressibility.
By curve fitting the results of observed pore pressure ratios and brittleness indices, some
useful correlations can be obtained, i.e.,
𝐫𝐮 = 𝟎. 𝟐𝟔𝐈𝐁 + 𝟎. 𝟕𝟒

𝐟𝐨𝐫 𝐅𝐂 = 𝟎%

(2-4)

𝐟𝐨𝐫 𝐅𝐂 = 𝟏𝟎%

(2-5)

𝐫𝐮 = 𝟎. 𝟕𝟐𝐈𝐁 + 𝟎. 𝟑𝟓 𝐟𝐨𝐫 𝐅𝐂 = 𝟐𝟎%

(2-6)

𝐫𝐮 = 𝟎. 𝟓𝟏𝐈𝐁 + 𝟎. 𝟓𝟑

These correlations should be used carefully, considering range of the applied stress, and
the nature of fines material and their possible role in soil structure.

2.7.4

Effect of confining pressure

Effect of confining pressure on liquefaction of the samples with specific amount of fines
was studied by shearing test specimens under three different levels of effective confining
pressure up to 200 kPa. The measured stress-strain and pore water pressure-strain curves
are presented in Figure 2-17 to Figure 2-19 for clean sand and silty sand with 10% and
20% FC.
The results in Figures 2-17 to 2-19 demonstrate increased tendency of contraction as IB
increased for both clean sand and silty sand samples of the same void ratio and relative
density. Increased contraction resulted in complete liquefaction and full development of
excess pore water pressure; however, the generated excess pore water pressure was
higher for silty sand compared to clean sand. It is also noted that test specimens that
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experienced complete liquefaction had similar IB values. It may be suggested that soils
with this IB range are at high risk of flow failure with large deformation. However, there
was a slight change in IB as the confining pressure changes from below to above 200
kPa. Applying confining pressure > 200kPa, increased IB in silty sand with 20% FC,
reduced contraction in silty sand with 10% FC, and caused strain hardening in clean sand.

Figure 2-17: Effect of confining pressure on liquefaction potential for clean sand: (a)
deviatoric stress vs. axial strain, (b) pore pressure ratio vs. axial strain.

Figure 2-18: Effect of confining pressure on liquefaction potential for silty sand with
FC=10%: (a) deviatoric stress vs. axial strain, (b) pore pressure ratio vs. axial
strain.
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Figure 2-19: Effect of confining pressure on liquefaction potential for silty sand
FC=20%: (a) deviatoric stress vs. axial strain, (b) pore pressure ratio vs. axial
strain.
All test specimens had positive state parameters, which increased as the effective
confining pressure increased. Higher positive state parameter corresponded to higher
liquefaction potential (e.g., silty sand samples with 20% FC), but for effective confining
pressure > 200 kPa the specimen behaviour did not necessarily match its state parameter
value (FC0BS15 and FC0BS22). This is because the state parameter is determined
assuming unique and linear critical state. However, to achieve a unique CSL extra care is
needed in testing and interpretations (Been, et al., 1991; Ishihara, 1993). Also, CSL is a
zone rather than a line as steady state condition is presented by a band of states depending
on the initial density and stress level (Konrad, 1993; Fourie & Papageorgiou, 2001).
Yamamuro and Lade (1998) presented results from drained and undrained compression
tests on Nevada sand containing non-plastic silt, which showed diverging and non-unique
critical state lines. Huang et al. (2004), and Chang and Yin (2011) reported that CSL
becomes a curve for effective confining pressure > 200 kPa. Additionally, Yamamuro
and Lade (1998) and Naeini and Baziar (2004) reported increased dilatancy or decreased
liquefaction potential as confining pressure increased for silty sands but not for clean
49

sands. However, Poulos et al. (1982) observed reduced dilatancy as confining pressure
increased for calcareous sands subjected to drained triaxial compression loading, and
dilatancy occurred only at low effective confining pressure (Airey, et al., 1988).
In this study, both clean sand and silty sand specimens exhibited higher strength as
confining pressure increased, and the stress path reached the same critical state line as
shown in Figure 2-20.

Figure 2-20: Effect of confining pressure on stress path and critical friction angle:
(a) clean sand, (b) silty sand FC=10%, and (c) silty sand FC=20%.

2.8 Friction angle and shear strength
For specimens that experienced complete liquefaction or full strain softening in
undrained shearing, critical state and peak friction angles, cs and pk, are related to the
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slope (M) of critical state and peak strength lines (flow liquefaction surface) in the q - p'
space (Schofield & Wroth, 1968; Ishihara, 1993; Jefferies & Been, 2006) and can be
given by:
𝟑𝐌

𝐬𝐢𝐧 𝛟𝐜𝐬 = 𝟔+𝐌

(2-7)

𝟑𝐌

𝐬𝐢𝐧 𝛟𝐩𝐤 = 𝟔+𝐌

(2-8)

Table 2-3 presents peak and critical state friction angles for specimens that experienced
strain softening. For strain softening samples, it can be noted from Table 2-3 that the
mobilized friction angle at peak strength decreased as FC increased, while cs = 34° was
the same regardless of FC.
Table 2-3: Strength parameters of tested carbonate-silica silt and sand mixtures.
Fine Content (%)
0
10
20

Critical Strength Point
M=q/p'
cs
1.35
34
1.36
34
1.35
34

Peak Strength Point
M=q/p'
pk
0.97
25
0.91
23
0.81
21

Undrained critical shear strength on the failure plane (Su-cs) for samples experiencing
complete liquefaction is calculated from the customary definition of the residual strength
(Castro, 1987; De Alba, et al., 1988; Marcuson, et al., 1990; Yoshimine, et al., 1999)
given by:
𝐒𝐮−𝐜𝐬 =

where, qcs is deviator stress at critical state.
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𝐪𝐜𝐬
𝟐

𝐜𝐨𝐬 𝛟𝐜𝐬

(2-9)

Considering Mohr-Coulomb failure envelope and stress conditions on the failure plane,
peak strength of strain softening sand specimens (Su-pk), which is mobilized at the onset
of static liquefaction is given by:
𝐒𝐮−𝐩𝐤 =

𝐪𝐩𝐤
𝟐

𝐜𝐨𝐬 𝛟𝐩𝐤

(2-10)

where, qpk is deviator stress at peak for strain softening specimens.
Figure 2-21 presents variation of critical and peak shear strength with effective confining
pressure for the tested specimensFigure 2-21. It is observed that critical and peak shear
strengths are increasing with effective confining pressure. Adding fine material to soil
results in decreasing shear strengths.
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Figure 2-21: Variation of critical and peak shear strength with effective confining
pressure.
To present a dimensionless form of shear strengths, strengths are normalized with
effective confining pressure. These dimensionless shear strengths will aid stability
analyses of the upstream and downstream slopes of earth dams (Stark & Mesri, 1992).
Figure 2-22 to 2-24 present variation of normalized critical and peak strengths with void
ratio for tested clean and silty sand mixtures which liquefied in CU shearing.
52

0.4

Su /P'c

0.3

Su /P'c

Su-pk
= 2.05 - 2.62e (R² = 0.72)
Su-cs

Su /P'c = 1.27 - 1.78e (R² = 0.20)
0.2

0.1

FC=0%
0
0.550

0.600

e

0.650

0.700

Figure 2-22: Normalized strength versus void ratio for clean sand.
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Figure 2-23: Normalized strength versus void ratio for silty sand with 10% fines.
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Figure 2-24: Normalized strength versus void ratio for silty sand with 20% fines.
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The results presented in these figures suggest that normalized critical strength of silty
sands was slightly less dependent on variation of void ratio compared to normalized peak
strength. As observed in Figure 2-22, clean sands at very loose state (high void ratio)
liquefied, and both normalized critical and peak strengths were influenced by the void
ratio almost in the same manner. It is observed in Figures 2-23 and 2-Figure 2-24 that
silty sands liquefy in a broader range of void ratios. Normalized peak and critical
strengths are reduced by increasing void ratio but the decreasing rate is less for
normalized critical strengths. Trends of these changes are presented on the plots. These
trends are valid for the range of the states, e.g., void ratio and effective confining
pressure, in which the samples experience strain softening. Trends also show an estimate
of the shear strength of these carbonate-silica soils after compaction to a specific density
and characterize its behaviour, e.g., brittleness, under loading.
To further elucidate the effect of the fines content on the strength of silty sands, Figure 225 presents variation of normalized peak strength with normalized critical strength.
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Figure 2-25: Normalized peak shear strength versus normalized critical shear
strength.
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The results in Figure 2-25 suggest these two variables can be correlated by a linear
relationship for different fines content as presented on the plot. Slope of the trend line
captured in these correlations increased as FC increased, which implies higher
compressibility of the mixtures with higher fine material. On the other hand, the intercept
(constant factor) decreased as FC increased, which means specimens with zero strength at
their critical state have gone through higher normalized peak strength during shearing.
This is associated with higher brittleness index and specimen contraction.
Static liquefaction failure of cohesionless soil is affected by contraction tendency and soil
brittleness index is used to characterize this phenomenon (Sadrekarimi, 2014). Thus,
contraction capacity is represented herein by brittleness index (IB). Figure 2-26 displays
the variation of normalized critical strength with brittleness index.
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Figure 2-26: Variation of normalized critical strength with brittleness index.
It is noted from Figure 2-26 that clean sands have higher normalized strengths compared
to silty sands, whereas silty sands with 10 and 20% FC exhibited same behaviour. It is
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also noted from Figure 2-26 that the soil normalized critical shear strength decreased as
its brittleness index increased. Curve fitting this data, a linear relationship is found
between normalized critical strength and brittleness index. These relationships correlate
the undrained critical strength with soil contraction capacity and can be employed in
liquefaction triggering analysis for this sand.

2.9 Effect of fines mineralogy
The importance of fine particles compressibility is examined by replacing the original
fine particles of natural carbonate-silica with silica powder and shearing samples of the
same density under similar confining pressures. The test results for specimens with
original low plastic carbonate-silica fines are compared with those for specimens with
silica powder in Figure 2-27 to Figure 2-29. The comparison clearly demonstrates that
specimens with different fines type follow different stress paths. Mixtures with silica
powder showed increased dilation and strain hardening (FC10BS21 and FC10BS17)
compared to those with low plasticity carbonate-silica fines. The dilation to contraction
behaviour was not observed for specimens with fines of silica powder (FC10BS17).
This comparison suggests that the silica powder changed the specimen’s response by
enhancing the stability of the soil structure; the non-plastic silica powder may have
contributed to the dilation of the whole sample. On the other hand, low plastic carbonatesilica fines negatively impacted the soil structure. Thus, specimens with carbonate-silica
fines are at higher risk for flow failures but those with silica powder are not. However,
both specimens reached the same critical state line in the stress space and could have
similar friction angles.
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Figure 2-27: Influence of fines mineralogy on the response of loose silty sand in CU
tests: a) deviatoric stress vs. axial strain, (b) pore pressure ratio vs. axial strain.

Figure 2-28: Influence of fines mineralogy on the response of medium-dense silty
sand in CU tests: a) deviatoric stress vs. axial strain, (b) ru vs. axial strain.

Figure 2-29: Influence of fines mineralogy on the stress path of silty sand in CU
tests: (a) loose specimen, (b) medium-dense specimen.
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The presence of clay particles among the fines might have affected the stability of soil
matrix and contributed to increased liquefaction potential. Some studies have reported
more contractive response and decreased undrained shear resistance of sandy soil
mixtures by adding silt to the sand matrix (up to 40% FC) for a given soil state (Chang, et
al., 1982; Yamamuro & Lade, 1997; Naeini & Baziar, 2004; Yamamuro, et al., 2008).
Carraro, et al. (2009) reported that small amounts of plastic fines, e.g., 15%, increased the
contractive response of the sand mixture. On the other hand, Pitman et al. (1994) tested
mixtures of both plastic (Kaolinite) and non-plastic (crushed silica) fines (up to 40%)
with Ottawa sand and observed reduction in liquefaction potential in both cases.
From the results of current and previous studies, it can be concluded that at FCs lower
than a certain threshold, the presence of clay particles can increase soil structure
compressibility and liquefiability only if the amount of clay does not affect the drainage
properties of the fines portion and does not add high plasticity to fines material
Figure 2-27 and Figure 2-28 also suggest that the fines influence factor defined by
Thevanayagam et al. (2000), which assumes binary packing of spherical shape particles,
does not describe the undrained behaviour of the tested specimens because it does not
account for the effects of random particles shape, gradation, mineralogy and plasticity.
Meanwhile, the fines influence factor proposed by Rees (2010) seems to describe the
behaviour of the silty sand tested in this study correctly even though it does not have
strong physical explanation. It assumes complex interaction mechanism for fines with
other particles and “accounts for all the combined effects of different parameters on the
undrained response of sand due to the addition of fines below the threshold value”.
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2.10 Particle degradation after tests
The compressibility of particles may result in crushing under loading and has been
quantified by empirical breakage factors (Hardin, 1985; Lade, et al., 1996). Particle
crushing is reported as one of the important considerations for testing soils with
carbonates (Coop & Airey, 2003). Therefore, the amount of particle degradation of soil
specimens was evaluated for different tests by comparing the gradation curves before and
after each test. The relative breakage (Br), defined as the area between the gradation
curves, the total breakage, Bt, divided by the area between the original soil gradation and
a vertical line at 74 m, breakage potential, Bp, was used to quantify particle degradation
(Hardin, 1985). A range of relative breakage between 1 to 4% was observed. Dense
specimens that experienced dilation and specimens subjected to drained shearing
experienced higher particle degradation. The observed particle degradation in this range
of consolidation pressure and axial strains of shearing was low and similar to what
reported in the literature. It seems that interaction of silica and carbonate particles caused
rounding or degradation of the less stiff particles. Sieve analysis after shearing revealed
that particle sizes of 0.841 (i.e., sieve No. 20), 0.400 (i.e., sieve No. 40) and 0.250
(i.e.,Sieve No. #60) are possibly more sensitive to degradation, because their masses
decreased after tests.

2.11 Conclusions
This study aimed at expanding the knowledge on naturally occurring silty sands of
different mineralogy, and based on the obtained results the following conclusions are
drawn:
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Shearing response of well-graded silty sand samples is influenced by the presence
of low plastic carbonate-silica fines; the samples become liquefiable even with
fines content lower than the ‘‘limit silt content’’.



At constant effective confining pressure and void ratio, addition of up to 20%
carbonate-silica fines in silty sand mixtures increases soil contraction capacity and
eases development of excess pore water pressure and liquefaction. This results in
a lower static liquefaction resistance and a higher brittleness index.



Depending on the type of fines, post peak strength reduction can be observed in
silty sands even at high densities. Presence of low plasticity carbonate-silica fines
in the specimens of higher relative density, e.g., 60%, supresses their dilative
behaviour and results in general contraction and post peak strength reduction
under 150 and 200 kPa confining pressure.



Specimens with high relative density tend to dilate at the beginning of shearing
but as axial strain increases, dilation tendency changes to contraction due to
increase in pore water pressure. These specimens exhibited this behaviour at small
strains (2 to 3%), and did not reach steady state up to 24% axial strain.



Quasi steady-state behaviour can be categorized as clean sands behaviour as it
was only observed in clean sand and not for silty sand under the confining
pressures and strain ranges applied in this study.



Dilation tendency increases with confining pressure in clean sand specimens.



Strain softening potential of silty sand samples with 10% fines content increases
under confining pressure of up to 200 kPa, and decreases after this level. As fines
content increases, the effect of confining pressure becomes less pronounced in
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reducing contraction and liquefaction potential. Mixtures with 20% fines are more
brittle at higher confining pressures.


Reduced liquefaction potential and increased dilation are observed when lowplastic carbonate-silica fines are substituted with non-plastic silica fines in the
mixture. Lower compressibility and more angular shapes of non-plastic fines
might have contributed to dilation.



Fines of low plasticity can absorb some water and make the rearrangement of soil
grains easier by lubricating periphery of larger grains. On the other hand, mixtures
with higher plasticity fines were reported in the literature to have low liquefaction
susceptibility. The higher capacity of these types of fines in absorbing water and
preventing pore pressure development might explain reduction in liquefaction
potential. This comparison shows the effect of the nature of fines on the soil
matrix behaviour is significant.



Different types of clean sands show similar behaviours under monotonic tests,
whereas silty sands behave differently depending on the amount and type of
material. Thus, categorizing silty sand behaviour in undrained shearing needs a
more detailed and careful assessment considering the mineralogy and plasticity of
fines.



This study indicates that depending on the void ratio and stress level, post peak
strength reduction can be observed and static liquefaction may be triggered in
medium-dense silty sand with low plasticity carbonate-silica fines, and
recommends considering these soils as susceptible to static liquefaction.
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Well-graded silty sand samples did not have a clear and distinct shear plane
compared to the samples of the same density and under the same stress made from
uniformly-graded sand. More general or bulk deformation occurred and the
deformation was more ductile in the tested well-graded silty sands, while the
failure occurred in a specific shear plane or shear surface in uniform sands.



Crushing is reported to affect the behaviour of carbonate soil, and carbonates are
present in the soil of this study. However, the observed behaviour could not be
related to the crushing, because of the low level of crushing and the presence of
low plastic fines which influences the response.



Soil was collected from surficial layers and samples are reconstituted, so the
effect of stress history and aging that influence soil behaviour are not considered
in this work and the outcome of this study can have potential implication for
liquefaction assessment of new man-made structures, hydraulic fills, submarine
slopes and earth dams.
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Chapter 3

3

Evaluation of state of carbonate-silica silty sand from
bender element measurements and monotonic triaxial
tests

3.1 Introduction
All soils reach the same curve in the void ratio-effective confining pressure-deviator
stress (e-p'-q) space, which is denoted as the “critical void ratio line”, upon loading
(under drained or undrained conditions), regardless of their initial density and stress level
(Casagrande, 1936). Dilation in dense sand and contraction in loose sand change void
ratio from an initial value towards a unique ‘critical void ratio’ for a given confining
pressure, which falls on a unique line in the semi-logarithmic space of void ratio and
effective confining pressure. This unique line is described as the “steady state” or
“critical state line” (CSL) (Poulos, 1981; Been & Jeffries, 1985; Yamamuro & Lade,
1998).
Void ratio and mean normal stress define the initial sate of soil. Mechanical and large
strain behaviour of soil can be related to its initial state relative to the critical state at the
same stress level. Upon shearing under drained conditions, volumetric contraction and
dilation occur in soils with initial states above or below the critical state line, respectively
(Roscoe, et al., 1958; Been & Jeffries, 1985; Robertson, et al., 1995; Yamamuro & Lade,
1998).
The structure of soils with initial states located on the contractive side of the critical state
line may become unstable and collapse due to undrained monotonic or cyclic loading if a
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critical strain level or a collapse surface is reached (Sladen, et al., 1985). The potential for
instability and magnitude of deformations for these soils depend on the magnitude of the
static shear stresses (ST). If the static shear stress is greater than the undrained residual
strength at steady state (SS), essentially unlimited deformations may occur. If the
residual strength is greater than the static driving shear stress, large-scale deformations
will not occur and limited liquefaction may take place (Robertson et al., 1992).
Cohesionless soils with initial states on the dilative side of the critical state line may not
experience flow deformation; however, those with initial state close to the critical state
line may contract under loading then become dilative at larger strains. This behaviour is
called limited liquefaction (Vaid & Chern, 1985). Samples that have limited liquefaction
usually reach a steady state at about 8% strain and dilate at higher strains. This temporary
condition in which the sample’s response is changing from contractive to dilative is often
called “quasi steady-state” (Alarcon-Guzman, et al., 1988) or “phase transformation”
(Ishihara, et al., 1990); and should not be interpreted as a critical state.
Critical state-based frameworks were used in the past to describe the mechanics and
behaviour of clean and silty sands (Been & Jeffries, 1985; Been, et al., 1991; Verdugo &
Ishihara, 1996; Yamamuro & Lade, 1998; Fourie & Papageorgiou, 2001; Bouckovalas, et
al., 2003; Huang, et al., 2004; Papadopoulou, et al., 2010; Sadrekarimi & Olson, 2011;
Sadrekarimi, 2013). In-situ strength and large strain behaviour of sands can be evaluated
by using the state parameter () defined as the difference of in-situ state and critical state
line in e-ln(p') space as below:
𝛙 = 𝒆 − 𝒆𝒄𝒔

3-1)
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State parameter combines influences of density and stress level. A positive state
parameter can lead to volume contraction in drained shear and a positive pore water
pressure and instability under undrained conditions. Meanwhile, a negative state
parameter can result in dilation in drained shear and negative pore water pressure in
undrained conditions.However, negative state parameter may not necessarily provide
enough stability in undrained shear as samples slightly denser than CSL may show some
strain-softening tendency depending on soil properties, and in the presence of high static
driving shear stress. The state parameter of zero can be considered as a boundary
between overall contractive and dilative behaviour for a preliminary assessment.
However, slightly negative state parameter, e.g., , is reported to be a boundary
between continuous dilative behaviour without any limited liquefaction and a response
with phase transformation that could cause instability (Jefferies & Been, 2006).
The soil mechanical properties and its behaviour are ideally determined by performing
laboratory tests on high quality undisturbed specimens obtained through expensive
ground freezing, which may not be practical in typical engineering projects.
Alternatively, in-situ state of soil has been related to measurements of in-situ tests such as
SPT, CPT and SCPTU (Been, et al., 1986; Wroth, 1988; Plewes, et al., 1992; Robertson,
et al., 1992; Robertson, et al., 1995; Konrad, 1997; Wride, et al., 2000).
There have also been advances in measuring in-situ shear-wave velocity through Crosshole (Angioni, et al., 2003; Nelliat, et al., 2013) and Multichannel Analysis of Surface
Waves (MASW) testing (Lin, et al., 2004; Long & Donohue, 2007) in recent decades.
The shear wave velocity is an attractive parameter to characterize soil state as: 1) it can
be conveniently measured both in the field and in the laboratory; 2) can be normalized to
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include the effect of overburden stress; and 3) does not need corrections for boundary
effects (Robertson, et al., 1992; Robertson, et al., 1995; Cunning, et al., 1995). Several
relationships between shear wave velocity (Vs), effective mean normal stress (p'c), void
ratio (e) and state parameter have been developed in the previous literature (Hardin &
Richart, 1963; Rosler, 1979; Sasitharan, 1994; Robertson, et al., 1995; Cunning, et al.,
1995). Taking advantage of these relationships, Tokimatsu, et al. (1986) suggested that
measured shear-wave velocity in the field can be used to reconstitute laboratory
specimens to their in-situ liquefaction resistance. Thus, in-situ measurements of Vs can be
combined with correlations developed from laboratory measured data, to predict the state
of soil, which affects its large strain behaviour.

3.2 Objectives and scope of work
The main objective of this study is to provide a tool to predict the shearing behaviour of
natural carbonate-silica silty sand with varying levels of low plastic fines content (FC)
based on shear wave velocity (Vs) and mean effective confining pressure (p'c). The
methodology involves conducting monotonic triaxial tests and laboratory measurement of
Vs. The critical state lines of soil specimens are determined from the drained and
undrained monotonic triaxial compression tests, and their shear wave velocities are
measured at the initial state (i.e., end of the consolidation stage). Utilizing these results,
relationships between Vs, p'c and e are established. The state parameter is then related to
the measured shear wave velocity.
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3.3 Background
As a useful measure of liquefaction susceptibility, in-situ measurements of shear wave
velocity can be used to classify liquefiable and non-liquefiable sites for a given intensity
and duration of earthquake shaking (Dobry, et al., 1981; Seed, et al., 1983; Bierschwale
& Stokoe, 1984; Tokimatsu & Uchida, 1990; Robertson, et al., 1992; Andrus & Stokoe,
2000). Soil void ratio, intrinsic characteristics (grain size distribution, grain shape,
angularity, surface roughness and mineralogical composition), structure and effective
confining stress control the shear-wave velocity. The measured shear wave velocity can
be considered a fundamental parameter of uncemented cohesionless soil which can be
used to define its state (Robertson, et al., 1995).
Shear wave velocity of sand measured in field and laboratory studies was found to be
proportional to 1/3 to 1/6 power of confining pressure or depth, depending on range of
confining pressure (power of 1/6 corresponds to very high pressures). Hamilton (1976)
suggested a depth exponent of 0.25 for the prediction of shear wave velocity profile in
sands, and Hardin and Drnevich (1972b) showed that shear wave velocity is a function of
effective overburden stress to the power of 0.25. Based on resonant column
measurements, Hardin and Richart (1963) correlated shear wave velocity to the effective
mean normal stress (p′c ) and void ratio (e), i.e.,
𝐕𝐬 = (𝐦𝟏 − 𝐦𝟐 𝐞)(𝐩′𝐜 )𝟎.𝟐𝟓

(3-2)

Where, Vs and p'c are presented in m/sec and kPa, respectively; and constants m1 and m2
are 111 and 51. On the other hand, Vs is correlated to depth, D, based on in-situ
measurements of shear wave velocity in natural marine sands (Hamilton, 1976), i.e.:
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𝐕𝐬 = 𝟏𝟐𝟖𝐃𝟎.𝟐𝟖

(3-3)

Similarly, Vs was correlated to void ratio and vertical ('a) and horizontal stresses ('p)
(Rosler, 1979; Yu & Richart, 1984; Stokoe, et al., 1985):
𝐕𝐬 = (𝐦𝟏 − 𝐦𝟐 𝐞)(𝛔′𝐚 )𝐧𝐚 (𝛔′𝐩 )𝐧𝐛

(3-4)

in which, the powers na and nb are equal with a typical value of 0.125.
Robertson et al. (1992) proposed a correlation for normalized shear wave velocity (Vs1)
with effective overburden stress ('v):
𝐏

𝐕𝐬𝟏 = 𝐕𝐬 (𝛔𝐚′ )𝟎.𝟐𝟓
𝐯

(3-5)

where, Pa is reference pressure of 100 kPa. Laboratory measurements of shear-wave
velocity on reconstituted samples of clean sand and silty sand were also normalized with
respect to mean normal stress (p'c) (Tokimatsu, et al., 1991; Shen, et al., 1997), i.e.,
𝐏

𝐕𝐬𝟏 = 𝐕𝐬 (𝐩𝐚′ )𝟎.𝟑𝟑
𝐜

(3-6)

Although normalization with respect to mean normal stress is more accurate than that
with respect to effective vertical overburden stress (Hardin & Drnevich, 1972b), precise
determination of lateral earth pressure coefficient at rest (K0) is not feasible (Robertson,
et al., 1992) and makes the outcome less reliable for field applications.
Using the critical state concept and measured shear wave velocity along with triaxial
testing, the following relationship was developed for un-cemented and un-aged sands
(Sasitharan, 1994; Robertson, et al., 1995; Cunning, et al., 1995):
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𝐀

𝛙 = (𝐁 − 𝚪) − {

𝐕𝐬 (𝐏𝐚 )𝐧𝐚+𝐧𝐛

𝐧𝐚+𝐧𝐛
𝐁(𝛔′𝐯 )
(𝐊 𝟎 )𝐧𝐚

𝛔′

− 𝛌𝐥𝐧 𝐥𝐧 [ 𝟑𝐯 (𝟏 + 𝟐𝐊 𝟎 )]}

(3-7)

where, A and B are constants for a given sand in m/sec, ln is slope of the CSL in e-ln(p')
space, and  is its intercept at p' = 1 kPa; na and nb are dimensionless and typically equal
to 0.13. Equation 3-7 can be used as a tool for liquefaction assessment by considering the
state parameter of zero as a boundary between contractive and dilative behaviour.

3.4 Experimental procedure
To study the critical state behaviour and state of carbonate-silica soil, a series of
consolidated undrained (CU) and drained (CD) triaxial tests were carried out on silty
sand samples with 0%, 10% and 20% of low plastic fines content. The soil was collected
from the lower region of the Boler Mountain in London, Ontario. The mountain is located
in the western suburban neighbourhood of Byron. Quaternary geology of southern
Ontario characterizes deposits of Byron region as Glaciofluvial outwash and ice-contact.
Scanning electron microscope (SEM) images showed that the soil particles were subangular to angular. The results of X-ray diffraction analysis showed that the soil is
composed primarily of quartz (SiO2) and carbonates in the form of calcite (CaCO3) and
dolomite (MgCa(CO3)2). Hence the soil can be categorized as carbonate-silica silty sand.
The grain size distribution of soil and its fines particles, shown in Figure 3-1, and index
properties of the soil were determined based on ASTM D422 and ASTM D854 standards
(ASTM, 2007; ASTM, 2010). Three different mixtures with 0%, 10% and 20% FC were
prepared by sieving, washing and dividing the original soil into separate ranges of
particle size. The particles were then oven-dried and remixed before each test to produce
target gradations with different FC. Compared to the gradation of the original sand, the
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mixtures gradation curves were only shifted vertically and the original shape of the
particle size distribution curve was nearly preserved as shown in Figure 3-1.
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Figure 3-1: Particle size distribution of carbonate-silica silty sand.
The maximum void ratio was calculated by using method C of ASTM D4253 (ASTM,
2000) and minimum void ratio was determined through a moist compaction method that
does not cause particle degradation (Naghavi, et al., 2015). The results are presented in
Table 3-1. As noted in Table 3-1, different mixtures had approximately the same specific
gravity (GS). It is also noted that the maximum void ratio (emax) of the silty sand increased
by increasing FC, while the minimum void ratio (emin) showed the opposite trend. This is
probably due to presence of low plastic fines that helped absorb more water during moist
compaction process.
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Table 3-1: Grain size characteristics and index properties of the tested silty sand
mixtures.
Soil
Description
Clean Sand
Silty Sand 10%
Boler Silty Sand
Silty Sand 20%

FC
(%)
0
10
17
20

D10
(mm)
0.14
0.08
0.04
0.04

D30
(mm)
0.25
0.21
0.15
0.14

D50
(mm)
0.42
0.31
0.28
0.25

D60
(mm)
0.54
0.42
0.34
0.32

Cu

Cc

Gs

emin

emax

3.9
5.6
8.3
8.0

0.8
1.3
1.6
1.5

2.72
2.72
2.72
2.72

0.525
0.458
0.409
0.409

0.690
0.696
0.744
0.744

Note: Cu and Cc are the coefficients of uniformity and curvature, respectively.

Atterberg limits tests were performed on the original Boler soil following ASTM D4318
(ASTM, 2010) procedure and it was found that the material is non-plastic. To determine
the plasticity of fines particles, Atterberg limits test was also performed on the particles
passing sieve #200 and the results showed that liquid limit, LL = 23.6%, plastic limit, PL
= 21.1% and plasticity index, PI=2.5%. This indicates the presence of low plasticity fines
and suggests that the mixture is non-plastic silty sand.
A computer-controlled triaxial testing apparatus (GDS ElDyn) equipped with a bender
element measurement system was used in this study. The system can achieve a maximum
cell pressure and back pressure of 1 MPa by means of pneumatic and hydraulic
controllers, respectively. Three transducers with capacity of 1 MPa measure the cell
pressure, back pressure and pore pressure. An optical encoder on the axial
electromechanical actuator provides precise measurement of axial displacements of the
order of 0.0001 mm with the maximum axial displacement in compression is equal to 25
mm. This system has a submersible load cell, with capacity of 4 kN and resolution of 1
N, to monitor the axial load. The accuracy of the measurements of the load cell and
pressure transducers is 0.1% and 0.25% of the full range, respectively. The machine is
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capable of measuring low stresses of 0.1 kPa and sample volume changes of 1 mm3.
These specifications make the equipment suitable for determination of critical state.
Specimens with different initial void ratios were prepared using the under-compaction
moist tamping method (Ladd, 1978). Because the test soil had carbonates, only de-aired
water (no carbon dioxide) was used for flushing the sample to remove air bubbles. This
was necessary to prevent alteration of soil mineralogy due to undesired chemical reaction
between soil elements and de-aired water and carbon dioxide (Chaney, et al., 1979; Baldi,
et al., 1988). In order to assure high degree of saturation, cell pressure and back pressure
were simultaneously increased to 710 and 700 kPa, respectively. An effective
confinement of 10 kPa was maintained during this procedure. The samples were
considered saturated when the Skempton's pore-pressure parameter reached a value of
0.95 or greater. All samples were then consolidated isotropically under different levels of
effective confining pressures.
To establish the critical state line, several CU and CD triaxial tests were performed on
samples of each mixture. The samples were 50 mm in diameter and 100 mm in height.
The volume change of the test sample was monitored throughout the test (i.e., saturation,
consolidation and CD shearing) for a precise calculation of void ratio. Change in
specimen’s height was used to calculate volume during saturation. Assuming isotropic
state, saturation’s volume change was considered as three times the specimen’s height
change during saturation stage. The volume change during consolidation and CD
shearing was monitored with the hydraulic controller based on the volume of the water
that was drained out of the specimen. The applied confining pressure ranged from 50 to
250 kPa, which was deemed representative of the normal range of in-situ soil pressure for
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up to 25 m of depth for liquefaction analyses. Employing a pair of bender elements
embedded in the base and top cap of the triaxial machine, shear wave velocity was
measured at consolidation stage and after shearing. To obtain the steady-state condition,
the specimens were sheared to large strain of 24% with slow shearing rate of 4% of axial
strain per hour.
Shearing rate of 4% per hour was chosen to allow full distribution and dissipation of the
excess pore-water pressure during CU and CD tests. This rate of shearing is calculated
based on achieving failure or full development of pore-water pressure in loose samples
under undrained conditions at approximately 8% of axial strain in 120 minutes. This is
practical lower limit of time-to-failure (tf) in CU testing of soils with calculated tf of less
than 2 hours (Head, 1986). For specimens with height to diameter ratio of 2 to 1, and
without side drains, tf may be given by:
𝐭 𝐟 = 𝟎. 𝟓𝟏 × 𝐭 𝟏𝟎𝟎 𝐟𝐨𝐫 𝐂𝐔 𝐭𝐞𝐬𝐭𝐬

(3-8)

𝐭 𝐟 = 𝟖. 𝟓 × 𝐭 𝟏𝟎𝟎 𝐟𝐨𝐫 𝐂𝐃 𝐭𝐞𝐬𝐭𝐬

(3-9)

where, theoretical t100 is calculated from the curve representing variation of consolidation
volume change with square root of time for a triaxial sample. The intersection between
the horizontal line representing the end of consolidation and the extension of the linear
portion of the initial part of the curve gives the square root of t100 (Bishop & Henkel,
1962). Tested specimens had high permeability and t100 = 3.24 minutes was obtained.
Using Equations 3-8 and 3-9, tf was found to be much less than 120 minutes and actual tf
was taken equal to 2 hours.
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During CD and CU shearing, most of the loose and medium-dense samples reached their
steady state at axial strain of 10 to 15%, while dense samples reached their steady state at
20% axial strain. Finally, the tested specimens were sieved after testing to verify the
changes in gradation due to rounding or crushing.

3.5 Triaxial testing results
Results from CU and CD tests on carbonate silica sand samples with different FC were
analyzed in terms of critical state framework. The critical state or steady-state points were
selected when pore pressure and volume stabilized with constant deviatoric stress while
strain increased.
The value of relative density could vary depending on the method used for determining
minimum and maximum densities (Naghavi, et al., 2015). Therefore, the relative density
was used only for the purpose of specimen preparation, while the void ratio was used for
analyzing and interpreting the results. Corrections were applied to the results to consider
the effect of non-uniform deformation and its corresponding area along the sample height
(Head, 1986) as well as the reduction of specimen strength due to membrane resistance
(Henkel & Gilbert , 1952; Greeuw, et al., 2001). Area correction was applied as follows:
𝑨𝒄 =

𝑨𝟎 (𝟏−𝜺𝒗 )
𝟏−𝜺𝒂

(3-10)

where Ac is the corrected area of specimen; A0 is the initial area of specimen; v is
volumetric strain of sample; and a is axial strain of sample.
Membrane correction was applied using the following equation:
∆𝒒𝒎 =

𝟒𝒕𝒎 𝑬𝒎 𝜺𝒂
𝑫
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(3-11)

where qm is membrane correction to be subtracted from measured deviator stress; Em is
Young’s Modulus of membrane (i.e., 1350 kPa); D is specimen diameter; and tm
membrane thickness (i.e., 0.3 mm).The specimen void ratio was determined precisely at
each stage, i.e., saturation, consolidation and shearing. The effect of specimen bulging
was considered when calculating the stress and the membrane resistance was subtracted
from the deviator stress at every step of loading.

3.5.1

Consolidation test results

The sample compressibility was studied in the isotropically consolidated tests. The
obtained normal isotropic consolidation lines (ISO-NCL), which represent the
relationship between void ratio and effective confining pressure, are presented in Figure
3-2.
As can be seen from Figure 3-2, the sample compressibility increased as FC increased.
Within the range of effective pressure used in the current study, ISO-NCLs did not
converge and there were multiple lines, which are approximately parallel for the samples
at the same level of fines content. It is also noted that ISO-NCL of dense samples (i.e.,
low void ratio) had lower slope than that of loose samples.
Jefferies and Been (2000) and Huang et al. (2004) reported multiple compression lines
for different samples depending on their void ratio and level of consolidation. Since
samples can be at different void ratios and be consolidated under different levels of
effective confining pressures, an infinite number of isotropic consolidation lines could
exist at different initial void ratios.
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Figure 3-2: Isotropic normal compression lines of natural carbonate-silica silty
sand: (a) FC=0%, (b) FC=20% and (C) FC=30%.
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By curve fitting the test data, based on the least squares method, the isotropic
consolidation equation is formulated for loose soil with initial e = 0.65 of different FC,
i.e.,
𝐞 = 𝟎. 𝟔𝟖𝟖 − 𝟎. 𝟎𝟎𝟗 𝐥𝐧(𝐩′𝐜 ) 𝐟𝐨𝐫 𝐅𝐂 = 𝟎%

(3-12)

𝐞 = 𝟎. 𝟕𝟏𝟑 − 𝟎. 𝟎𝟐𝟏 𝐥𝐧(𝐩′𝐜 ) 𝐟𝐨𝐫 𝐅𝐂 = 𝟏𝟎%

(3-13)

𝐞 = 𝟎. 𝟕𝟔𝟗 − 𝟎. 𝟎𝟐𝟖 𝐥𝐧(𝐩′𝐜 ) 𝐟𝐨𝐫 𝐅𝐂 = 𝟐𝟎%

(3-14)

Comparing Equations 3-12 to 3-14, it is noted that the compression index (i.e., slope of ep'c curve) of silty sand increased (i.e. high compressibility) as FC increased. However,
compressibility cannot be described by a unique bulk modulus because it is affected by
load history in addition to e and p'c (Coop & Airey, 2003).

3.5.2

Critical state parameters

The critical state is defined as the state at which the soil “continues to deform at constant
stress and constant void ratio” (Roscoe, et al., 1958). If void ratio and effective stresses
are constant temporarily it does not represent the critical state (Jefferies & Been, 2006).
To find the critical state locus, the critical state points obtained from CU and CD tests are
carefully selected.
An acceptable engineering approximation of the critical state locus in the void ratio-mean
stress space is a semi-logarithmic line (Been & Jeffries, 1985), i.e.,
𝐞 = 𝚪 − 𝛌𝐥𝐧 𝐥𝐧(𝐩′ )

(3-15)

Compared to measuring the locus in e-p', it is easier to evaluate the ratio between deviator
and confining stresses, q-p', at critical state, i.e.,
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𝐪
𝐩′

=𝐌

(3-16)

This slope can then be used to determine the critical friction angle, i.e.,
𝟑𝐌

𝐬𝐢𝐧 𝛟𝐜𝐬 = 𝟔+𝐌

(3-17)

Therefore, the intrinsic parameters associated with the critical state characteristics for
each test specimen were determined by plotting the critical state points in the q-p' space
(Figure 3-3a) as well as in the semi-logarithmic e-p' space as shown in Figure 3-3b.
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Figure 3-3: Critical state lines of carbonate-silica silty sand: (a) deviator vs. mean
effective stress, and (b) void ratio vs. mean effective stress.
99

By curve fitting the data in Figure 3-3, the slope of the lines is obtained and the critical
state parameters are determined accordingly. The corresponding friction angle is also
obtained by employing Equation 3-17. These are summarized in Table 3-2.
Particle compressibility and soil structure influence soil mechanical behaviour, which has
resulted in steeper NCL (in Figure 3-2) and CSL (in Figure 3-3) with increasing FC for
the samples of this study.
Soil particles compressibility and soil structure influence soil mechanical behaviour and
result in steeper NCL (shown in Figure 3-2) and CSL (shown in Figure 3-3) with
increasing FC for the samples of this study. Soil particles compressibility could be due to
different minerals and shape of particles as well as any possible voids within the particle.
Verdugo and Ishihara (1996) and Coop and Airey (2003) reported unique and straight
CSL at high pressures and strains, where particle breakage occurs. However, there was
negligible particle crushing in the current study based on the comparison of gradation
before and after the triaxial shear tests. The amount of particle degradation occurred in
different tests was studied by comparing the gradation curves following each test with
that of the initial soil. The area between these gradation curves was taken as total
breakage (Bt) divided by the area between original gradation of soil and a vertical line at
74 m as breakage potential (Bp) gives the relative breakage (Br) to quantify degradation
(Hardin, 1985). The breakage factor was calculated from sieve analyses of sheared
samples following the method proposed by Hardin (1985). In this experiment, the
crushing factors were found to be 2-3%, which is negligible compared to the range of 227% reported by Hardin (1985).The obtained critical friction angle of carbonate-silica
100

silty sand of 33.6-34˚ (as reported in Table 3-2) seems to be insensitive to the level of
fines content. Dobry et al. (1985) also reported 'cs for silty sands from monotonic
torsional tests irrespective of the silt content. It is likely that the angular shape of sand
particles used here influenced 'cs and masked the effect of increasing fines content. This
friction angle is higher than that of silica silty sands and less than that of carbonate silty
sand reported in the literature (Sadrekarimi & Olson, 2011). A higher critical friction
angle is generally reported for calcareous sands compared to silica sand (Poulos, et al.,
1982; Airey, et al., 1988; Golightly & Hyde, 1988; Semple, 1988; Coop, 1990; Morioka
& Nicholson, 1999).
The scatter in the critical state data presented in Figure 3-3b may be attributed to the nonuniform distribution of void ratio, fines content, non-uniform stress and strain within the
samples at large strains which prevents accurate determination of CSL. In the state
parameter approach, to estimate the critical state points, the average void ratio is
determined for each specimen, which is not the effective value on the local failure plane
(Been & Jeffries, 1985). The average void ratio obtained from undrained testing of loose
samples has less scatter because these specimens liquefy and entirely fail, so the global
and local void ratios should be very close. On the other hand, for dilatant samples tested
undrained and all samples under drained testing, local failure occurs leading to a
difference between local and global void ratios. In the current study, it was observed that
the scatter in the critical state data increased with presence of fines.
To further verify the results, a comparison with previous studies was performed. The
location of CSL depends on the fines content. Parallel CSLs were obtained for Toyoura
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sand (Zlatovic & Ishihara, 1995), Foundry sand (Thevanayagam, et al., 2002), and
Ottawa sand (Salgado, et al., 2000; Murthy, et al., 2007), mixed with various amounts of
non-plastic granular shape fines (up to 15%). The  of these CSLs is reducing for
effective confining pressure less than 200kPa. It should be noted that Foundry and
Ottawa sands have round to sub-round particles; whereas, Toyoura sand particles are subangular to angular. In addition, Merriespruit tailings materials with 0, 20, 30 and 60% FC
showed the same trend of parallel CSL of decreasing  with increasing FC (Fourie &
Papageorgiou, 2001). Furthermore, the critical state data for Sydney sand mixed with
low-plasticity fines (PI = 11) were too scattered to fit a linear correlation and moved from
high void ratio to low void ratio as FC increased from 0 to 30% (Rahman & Lo, 2007).
The critical state results for the tested carbonate-silica silty sand are consistent with the
relationship between CSL parameters and FC reported for Kogyuk sand (Bouckovalas, et
al., 2003). Comparison of the results is shown in Figure 3-4 shows that the CSL of
Kogyuk sand exhibits increased  and  as FC increased, corresponding to a clockwise
rotation of CSLs around a pivot located somewhere between effective confining pressure
of 20 to 80 kPa and void ratio of 0.73 to 0.78. For mean effective stresses lower than the
pivot value, the tendency to dilate increases by adding fines but decreases at stresses
higher than the pivot. However, in the current study on carbonate-silica silty sand, CSLs
intersected at very low stress of 3.5 kPa. This means that at mean stress higher than this
value, adding low plastic fines to the mixture always increases tendency to contract. This
observation proves that low plasticity fines play a different role in silty sand behaviour
and might not be considered similar to non-plastic fines.
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Figure 3-4: Comparison between CSL from Bouckovalas et al (2003) and current
study on Boler soil
When equivalent granular void ratio is used to compare the soil state, the steady state line
becomes largely independent of FC as the amount of fines falls below the threshold FC
(Rees, 2010). However, the results from the current study indicate that low level of fines
material (e.g., 10 and 20%) can influence the soil behaviour and the slope of critical state
line. Therefore, the typical threshold value of 30% is not applicable to all materials and
critical state lines could be dependent on fines content.

3.6 Shear wave velocity analysis
Bender element testing is gaining popularity as a non-destructive laboratory technique for
determination of shear wave velocity. In the current study, Bender elements were used to
measure the shear wave velocity of the test specimens at each stage of the test.
Bender elements were used to generate sinusoidal waves (Figure 3-5) to examine the
properties of each specimen at the end of each consolidation stage. Identifying the arrival
time of the waves is a critical step in bender element testing and there is no standard
interpretation method that consistently provides adequate level of accuracy (Lee and
Santamarina 2005). Previous studies on interpretation of shear wave velocity
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measurements (Brignoli et al. 1996; Lee and Santamarina 2005; Vilhar and Jovicic 2009;
Chan 2010) demonstrated that using one method for interpreting the entire test data
should provide consistent results.
A single sine pulse excitation was used as the input signal. To reduce the near-field
effects, frequency of the input signal was adjusted to satisfy a travel distance to wave
length of at least 2 or higher. The first arrival of the received signal was visually picked
and the first maximum bump in the wave plot was picked as the arrival time of the shear
wave to pass the near filed effects of compressional waves (Figure 3-5). The shear wave
velocity was then calculated by dividing the distance between the tips of the bender
elements (as travel distance) by the arrival time. The travel time was measured at a
resolution of 0.001 milliseconds and travel distance was measured to a resolution of 0.01
mm.
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Figure 3-5: Typical source and received signals from bender element tests in the
current study
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The shear wave velocity measured for specimens with different FC are plotted in
Figure 3-6 against effective confining pressure, along with shear wave velocity values
that are calculated from available correlations in the literature (Hardin & Richart, 1963;
Robertson, et al., 1995; Shen, et al., 1997; Chang, 2004; Huang, et al., 2004). The
measured shear wave velocity of the clean sand samples falls within the range reported
from previous studies on fine grained sands (Hardin & Richart, 1963; Robertson, et al.,
1995). However, the values for silty sand samples are lower than the reported range for
sands, but are within the range of values estimated from the correlation proposed by
Huang et al. (2004) for silty sand with 30% fines content, which confirms that the
presence of fines reduces shear wave velocity of sand. Salgado et al. (2000) made similar
observation in bender element tests of specimens of Ottawa sand mixed with silt, i.e.,
shear wave velocity decreased as FC increased up to 20%.
The behaviour of hydraulic fill sands from Hong Kong was evaluated (Shen & Lee, 1995;
Shen, et al., 1997) using triaxial and bender element testing. These sands are medium to
coarse grained with some shell fragments and mainly composed of quartz. Particle shapes
are subangular. They have higher values of shear wave velocity compared to other
reported sands which could be due to larger particles and their siliceous material. Bender
element testing of gold tailings (Chang, 2004) also showed that this sandy silt with 65%
fines content has lowest level of shear wave velocity. Campbell (2006) suggested that the
stiffness of soil skeleton, which depends on soil fabric and interparticle forces, affects
velocity of shear wave propagation. As illustrated in Figure 3-2, the specimen’s structure
changes with increasing fines content and becomes more compressible. Some fine
particles fill the voids and some of them disperse in the coarse-grained sand skeleton. The
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lower inter-particle forces in a dispersed structure also cause a delay in the arrival of
shear waves.
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Figure 3-6: Comparison of measured sheared wave velocities with other methods of
prediction.
For specimens with different fines content, data were collected at different stages of
consolidation. Measured shear wave velocities are plotted versus effective confining
pressure in Figure 3-7 for samples of the same void ratio. Normalizing the measured
shear wave velocity in Figure 3-7with respect to a reference pressure of 100 kPa, the data
are curve-fitted with a power function, i.e.,
𝟏𝟎𝟎 𝐧

𝐕𝐬𝟏 = 𝐕𝐬 ( 𝐩′ )
𝐜
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(3-18)
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Figure 3-7: Variation of shear wave velocity with effective confining pressure at
constant void ratio: (a) FC=0%, (b) FC=10%, and (c) FC=20%.
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The power, n, is approximately the same for different void ratios but is different for clean
sand and silty sand; n=0.33 for clean sand and 0.3 for silty sand.
The variation of normalized shear wave velocity, Vs1, with void ratio is presented in
Figure 3-8 for different values of FC. Linear equations are fitted to the data in the form
of:
𝟏𝟎𝟎 𝐧

𝐕𝐬𝟏 = 𝐀 − 𝐁𝐞 = 𝐕𝐬 (

𝐩′𝐜

)

(3-19)

where, A and B are curve fitting constants, which depend on the fines content. A and B
are similar to those constants that were suggested in Equation 3-7.
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Figure 3-8: Variation of normalized shear wave velocity with void ratio for different
silty sands.
The obtained curve fitting constants for sand with different FC are presented in Table 32. It should be noted that these constants are valid for effective confining pressures
ranging from 25 to 250 kPa and void ratio in the range of 0.5 to 0.7.
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For the purpose of comparison, constants reported for other types of clean and silty sands
(Robertson, et al., 1995; Cunning, et al., 1995; Shen, et al., 1997; Fourie & Papageorgiou,
2001; Chang, 2004; Huang, et al., 2004) are presented in Table 3-2. As can be noted from
the comparison in Table 3-2, a range of 0.22 to 0.33 was suggested as n value for
normalizing shear wave velocity. The higher n values of 0.32 and 0.33 obtained for some
soils indicate that the influence of effective confining pressure on shear wave velocity of
silty sand and gold tailing sandy silt is more significant than other types of sand. This is
possibly due to the higher compressibility of the mixture and angular shapes of the
grains. Meanwhile, the values of A and B obtained in the current study are close to the
values reported for Ottawa, Syncrude and Alaska sands. The constants A and B reported
for Mai Liao Sand with different levels of fines (Huang, et al., 2004) are lower than those
for other sands with approximately same FC and at similar state. Mai Liao sand
comprises quartz, muscovite and chlorite minerals, and is reported to be relatively more
compressible due to its particular mineralogy and grain characteristics (Huang, et al.,
2004). Gold tailing sandy silt (Chang, 2004) has the lowest value of A and B parameter
possibly due to higher level of fines with angular and platy particles.
Critical state parameters of these sands and silty sands were obtained by fitting a linear
relationship to the reported critical state points. These parameters are also reported in
Table 3-2.
Table 3-2 suggests that mineralogy, grain size, grain shape and fines content affect both
CSL and Vs parameters. Soils with larger particles and more angular grain shapes have
higher Vs values which suggest higher stiffness of these soils. This also reflects in their
frictional properties, e.g., friction angle. Finer grain size and higher fines content attribute
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more compressible nature and soils with higher compressible nature have lower shear
wave velocity that is also more sensitive to the changes in effective stress, e.g., higher n
values, than to changes in void ratio.
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Table 3-2: Critical state and shear wave velocity parameters of different soils.

1

Critical State
Parameters

Soil
Carbonate-Silica
Clean Sand
Carbonate-Silica Silty
Sand 10%
Carbonate-Silica Silty
Sand 20%
Ottawa Sand
(Robertson et al, 1995)
Syncrude Sand
(Cunning et al, 1995)
Alaska Sand
(Cunning et al, 1995)
Mai Liao Clean Sand
(Huang et al, 2004)
Mai Liao Silty Sand
(Huang et al, 2004)
Mai Liao Silty Sand
(Huang et al, 2004)
Tung Chung (Shen et
al, 1997)
Chek Lap Kok (Shen
et al, 1997)
West Kowloon (Shen
et al, 1997)
Tseung Kwan O
(Shen et al, 1997)
Tin Shui Wai (Shen et
al, 1997)
Gold Tailing (Chang,
2004)

Shear Wave Velocity
Parameters

Particle
Shapes
angular to
subangular
angular to
subangular
angular to
subangular
rounded to
subrounded

D50
(mm)

FC
(%)

Gs

emax

emin



ln

M

cs
(degree)

A

B

n

10

D50x10

0.42

0

2.72

0.690

0.525

0.697

0.010

1.37

34.0

362

223

0.33

0.023

0.010

0.31

10

2.72

0.696

0.458

0.651

0.028

1.37

33.8

311

202

0.30

0.064

0.020

0.25

20

2.72

0.744

0.409

0.664

0.039

1.36

33.6

276

165

0.30

0.090

0.022

0.35

0

2.67

0.820

0.500

0.926

0.032

1.20

30.0

381

259

0.26

0.074

0.026

subangular

0.17

13

2.62

0.960

0.520

0.950

0.027

1.31

32.5

311

188

0.26

0.062

0.011

angular sand

0.12

32

2.90

1.780

0.700

1.485

0.117

1.48

36.4

307

167

0.26

0.269

0.032

0.18

0

2.69

1.125

0.646

1.161

0.062

1.24

30.9

288

141

0.25

0.143

0.026

0.13

15

2.69

1.058

0.589

0.898

0.042

1.24

30.9

269

141

0.25

0.097

0.013

0.10

30

2.70

1.213

0.593

0.803

0.048

1.24

30.9

250

141

0.25

0.111

0.011

subangular

0.33

15

2.67

0.990

0.542

1.430

0.113

1.57

38.5

687

618

0.24

0.260

0.086

subangular

0.80

3

2.64

0.673

0.368

0.905

0.056

1.52

37.4

459

431

0.24

0.130

0.104

subangular

0.72

4

2.63

0.634

0.328

0.971

0.080

1.58

38.8

636

860

0.33

0.185

0.133

subangular

0.55

5

2.63

0.879

0.486

1.221

0.079

1.57

38.4

501

434

0.22

0.181

0.100

subangular

1.60

2

2.63

0.697

0.308

0.850

0.051

1.57

38.5

407

373

0.33

0.118

0.189

angular and
platy

0.05

65

2.70

1.827

0.655

0.800

0.009

1.37
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78

0.32

0.020

0.001

angular and
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angular and
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angular and
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Figure 3-9illustrates that shear wave velocity parameters, A and B, have reasonable
relationships with D50×10. 10 is the slope of CSL in the logarithmic space to the base
10. The effect of particle size distribution is represented by D50 and the effect of particle
shape is included by its effect on the slope of CSL. It seems that Vs is a good parameter
that presents the combined effects of particle size distribution and particle shape as one
parameter.
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Figure 3-9: Plot of shear wave velocity parameters versus D50×λ10.

3.7 Developed correlations
The state parameter of the test samples is evaluated at each stage of consolidation and the
values obtained are plotted against shear wave velocity in Figure 3-10. To establish a
useful correlation between the different parameters presented in Figure 3-10, Equation 319 can be rewritten to give the void ratio in terms of shear wave velocity, i.e.,

𝐞=

𝐏
𝐀−𝐕𝐬 ( 𝐚′ )𝐧
𝐩𝐜

𝐁
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(3-20)



0.3
(a) FC=0%

0.25

p'c=25kPa

0.2

p'c=50kPa

0.15

p'c=100kPa

0.1

p'c=150kPa

0.05

p'c=200kPa

0
-0.05
-0.1
-0.15
-0.2
0

50

100
150
Vs (m/sec)

200

250

300



0.3
0.25

p'c=25kPa

0.2

p'c=50kPa

0.15

p'c=100kPa

0.1

p'c=150kPa

0.05

p'c=200kPa

(b) FC=10%

0
-0.05
-0.1
-0.15
-0.2
0

50

100
150
Vs (m/sec)

200

250

300

0.3
p'c=25kPa
p'c=50kPa
p'c=100kPa
p'c=150kPa
p'c=200kPa

0.25
0.2
0.15



0.1
0.05

(c) FC=20%

0
-0.05
-0.1
-0.15
-0.2
0

50

100

150
Vs (m/sec)

200

250

300

Figure 3-10: Variation of ψ with Vs at different p'c: (a) FC = 0%, (b) FC = 10%, and
(c) FC = 20%.
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And given that the state parameter may be given by:
𝛙 = 𝒆 − 𝒆𝒄𝒔

(3-21)

Substituting Equation 3-20 into Equation 3-21 gives the state parameter in terms of Vs,
i.e.:

𝛙=

𝑷
𝑨−𝑽𝒔 ( 𝒂′ )𝒏
𝒑𝒄

𝑩

− {𝚪 − 𝝀𝒍𝒏 𝐥𝐧(𝒑′𝒄 )}

(3-22)

The state parameter can also be given in terms of normalized shear wave velocity, i.e.:
𝑨

𝛙 = (𝑩 − 𝚪) − [

𝑽𝒔𝟏
𝑩

− 𝝀𝒍𝒏 𝐥𝐧(𝒑′𝒄 )]

(3-23)

Employing Equation 3-23 and utilizing the carbonate-silica soil parameters from Table 32, contours of the state parameter are obtained in terms of shear wave velocity variation
with effective confining pressure and are presented in Figure 3-11. A state parameter
equal to zero is considered as the limit between contraction and dilation and a positive
state parameter value represents potential for high pore-water pressure generation and
strain softening. Figure 3-11 can be used to evaluate the susceptibility of the carbonatesilica soil to liquefaction; and the colour represents the severity of liquefaction potential
under undrained loading: green is safe and red represents increased liquefaction potential.
However, care should be exercised for silty sands at transition from contraction to
dilation (i.e., =0). Soil at states denser than the CSL does not necessarily have sufficient
stability in undrained loading conditions (Jefferies & Been, 2006) as it is affected by the
in-situ stresses as well as ground slope.
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Figure 3-11: Variation of Vs with p'c for different  (a) FC = 0%, (b) FC = 10%,
and (c) FC = 20%.
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As the specimens tested in this study were reconstituted, the proposed relationships and
graphs are suitable for uncemented young carbonate-silica silty sand, under effective
confining pressures in the range of 25 to 250 kPa. Uncemented young silty sand deposits
are reported to have the highest risk of flow liquefaction (Robertson, et al., 1995).
Uncemented young carbonate-silica silty sands can be found in hydraulic fills, man-made
slopes, embankments, and offshore foundations. The results of this study can be helpful
in the interpretation of the in-situ measured shear wave velocity by knowing the depth of
the sample to determine the state of the soil and preliminary assessment of its behaviour
under different loading conditions.
Based on the above discussion a practical chart (Figure 3-12) can be proposed by plotting
curves of =0 for each FC. This plot represents the static liquefaction susceptibility
curves for carbonate-silica silty sand at different levels of FC.
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Figure 3-12: Static liquefaction susceptibility chart based on ψ=0 for carbonatesilica silty sand.
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3.8 Practical implication
3.8.1

Shear strength parameters

The shear wave velocity and critical state parameters are both influenced by soil
compressibility. Therefore, using Vs measurements to predict the state parameter can be a
good tool to evaluate the state of a soil because the effect of fines content is already
considered. Soils with high state parameter would liquefy regardless of the level of fines.
The state parameter can be used to estimate mechanical properties of sand and silty sands
and to explain their behaviour under loading. For example, the undrained critical and
yield strength, friction angle and brittleness index vary with changes in state parameter
(Been & Jeffries, 1985; Fear & Robertson, 1995; Sadrekarimi, 2013). For drained loading
and for samples experiencing strain hardening under undrained loading, the friction angle
and peak strength are important in design. Using the proposed relationships, Vs and 
measurements could be used for this purpose. Normalized critical strength and peak
strength of soils experiencing strain softening could also be estimated from Vs and
measurements.
Undrained critical shear strength (Su-cs) for soil experiencing complete liquefaction is
calculated from the customary definition of residual strength (Castro, 1987; De Alba, et
al., 1988; Marcuson, et al., 1990; Yoshimine, et al., 1999):
𝐒𝐮−𝐜𝐬 =

𝐪𝐜𝐬
𝟐

𝐜𝐨𝐬 𝛟𝐜𝐬

where, qcs is deviator stress at critical state and cs is critical friction angle.
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(3-24)

Equation 3-24 assumes Mohr-Coulomb failure envelope and stress conditions on the
failure plane. The peak strength (Su-pk), which would mobilize at the onset of static
liquefaction for soil that would experience strain softening, is defined by:
𝐪𝐩𝐤

𝐒𝐮−𝐩𝐤 =

𝟐

𝐜𝐨𝐬 𝛟𝐩𝐤

(3-25)

where, qpk is deviator stress at peak for strain softening samples and pk is the peak
friction angle.
The critical and peak strengths can be normalized with respect to the mean effective
stress and plotted versus state parameter as shown in Figure 3-13. The results presented
in Figure 3-13indicate that for silty sand, the normalized peak undrained shear strength is
significantly affected by the state of the soil, whereas the normalized critical undrained
shear strength is less influenced by change in the state parameter.
By curve fitting the data in Figure 3-13, the normalized critical and peak strengths can be
correlated to the state parameter as follows:
𝐒𝐮−𝐜𝐬
𝐩′𝐜
𝐒𝐮−𝐩𝐤
𝐩′𝐜

= 𝟎. 𝟎𝟏𝟎𝟑𝛙−𝟎.𝟒𝟒𝟐

(3-26)

= 𝟎. 𝟑𝟏𝟓𝟗𝐞(−𝟐.𝟔𝟖𝟕𝛙)

(3-27)

The numbers of tests and data points in this study were not sufficient to establish separate
regression curves for mixtures with different fines content. However, for samples with
different level of fines, variation of normalized critical undrained shear strength with
state parameter follows different patterns (Jefferies & Been, 2006; Sadrekarimi, 2013). In
these studies, the shear strength was normalized by either effective mean stress (Jefferies
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and Been, 2006) or effective normal stress (Sadrekarimi, 2013). Similar to these previous
works the conventional critical state idealization for undrained stress paths is used here to
develop a general correlation for carbonate-silica silty sand, i.e.,
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Figure 3-13: (a) Normalized critical strength versus ψ, (b) normalized peak strength
versus ψ.
𝐩′

𝛙𝐜𝐬 = 𝐞𝐜 − 𝐞𝐜𝐬 = (𝚪𝐜𝐬 − 𝛌𝐜𝐬 𝐥𝐧𝐩′𝐜𝐬 ) − (𝚪𝐜𝐬 − 𝛌𝐜𝐬 𝐥𝐧𝐩′𝐜 ) = 𝛌𝐜𝐬 𝐥𝐧 𝐩′𝐜

𝐜𝐬

(3-28)

𝛙

𝐩′𝐜 = 𝐩′𝒄𝒔 × 𝐞 𝛌
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(3-29)

By normalizing Equation 3-24 by p'c, and substituting from Equations 3-16 and 3-29, a
general correlation is obtained between the normalized critical shear strength and the
state parameter accounting for the influence of fines, i.e.:
𝐒𝐮−𝐜𝐬
𝐩′𝐜

=

𝐌
𝟐

𝛙

𝐜𝐨𝐬 𝛟𝐜𝐬 × 𝐞− 𝛌

(3-30)

The predictions of Equation 3-30 are displayed in Figure 3-14as GC (general correlation)
for different fines content. To evaluate the performance of Equation 3-30, the variation of
the normalized critical strength with the state parameter observed from testing the
carbonate-silica silty are also presented in Figure 3-14. As can be noted from Figure 3-14,
the predictions of Equation 3-30 for clean sand and silty sand with 10% fines are in close
agreement with the experimental results. However, the predictions of Equation 3-30 for
silty sand with 20% fines are only acceptable for higher critical state parameter (i.e.,
more contractive soil) but not for soils with low state parameter. This discrepancy may be
attributed to the migration of fines in the sample, non-uniform distribution of pore water
pressure and local failures in specimens with higher fines content, which could affect the
critical state locus.
Figure 3-15a displays the variation of critical friction angle with state parameter for all
tested specimens. The solid lines in Figure 3-15a represent upper and lower bounds of
friction angle. It is noted from Figure 3-15a that samples with smaller state parameter
have higher value of friction angle and that high friction angles (which mobilize due to
dilation) are associated with negative values of state parameter.
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Figure 3-14: Normalized critical strength versus ψ.
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Figure 3-15: (a) Critical friction angle versus ψ, and (b) brittleness index versus ψ.
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3.8.2

Brittleness index

The undrained brittleness index is used to quantify strain softening and flow failure
potential for a soil with contractive behaviour, i.e. (Bishop, 1971):
𝐈𝐁 =

𝐒𝒖−𝒑𝒌 −𝐒𝒖−𝒄𝒔
𝐒𝒖−𝒑𝒌

(3-31)

where, Su-cs and Su-pk are critical and peak shear strength in strain softening samples and
can be calculated from Equations 3-24 and 3-25 respectively.
Figure 3-15b presents the variation of the brittleness index with the state parameter for all
the specimens tested in the current study. Figure 3-15b clearly shows that the brittleness
index increased as the distance between initial state and critical state increased, but the
rate of increase decreases with FC. This behaviour can be captured by curve fitting the
data, i.e.,
𝐈𝐁 = 𝟏. 𝟏𝟑𝟕𝟐 + 𝟎. 𝟏𝟏𝟓𝟓 𝐥𝐧 𝛙

(3-32)

3.9 Conclusions
Monotonic drained and undrained triaxial compression tests were conducted on
carbonate-silica silty sand mixtures with different levels of fines content in order to
identify their critical state line and corresponding state parameter. In addition, the shear
wave velocity of the test specimens was measured during consolidation using bender
elements. The shear wave velocity measurements were conducted at each consolidation
stage to determine the soil initial state. The measured shear wave velocity was related to
the effective confining pressure and void ratio and an equation was derived, which can be
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used to predict shear wave velocity of carbonate silica silty sands under different levels of
confining pressure.
The critical state parameters for each mixture were determined assuming a unique critical
state line by fitting a semi logarithmic curve to the data of void ratio and effective
confining pressure at critical state. The critical state lines were not parallel and their slope
was affected by fines content.
The shear wave velocity and CSL parameters are influenced by soil compressibility.
Thus, a general expression was derived, which correlates shear wave velocity and state
parameter for carbonate-silica silty sand mixtures at each level of effective confining
pressure. This expression can be used as a practical tool to predict the state of soil for
carbonate-silica silty sands.
Equations are provided to predict peak and critical (residual) strengths, and brittleness
index for carbonate-silica sands using Vs measurements and its correlations with .
Further field and laboratory tests are required to validate and improve the relationships
proposed in the current study, and extend their applicability to other types of sand, range
of void ratio and effective confining pressure outside the ranges considered herein.
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Chapter 4

4

Cyclic behaviour and dynamic properties of carbonatesilica sands from triaxial and bender element tests

4.1 Introduction and background
Liquefaction is one of the major earthquake hazards that can cause catastrophic damage
to structures. Liquefaction is caused by excess pore-water generation and decrease in
effective stress under undrained static and cyclic loadings (Seed & Lee, 1966; Seed,
1979). Liquefaction is usually associated with loss of strength and development of large
shear strains, which may result in collapse of structures (Kramer, 1996).
Under cyclic loading, this process results in liquefaction phenomenon in the form of flow
liquefaction or cyclic mobility (National Research Council, 1985; Kramer, 1996; Li &
Ming, 2000; Andrade & Ramos, 2013) with accumulation of permanent strains. The
occurrence of either of these two forms of liquefaction depends on the soil initial state
and the level of cyclic loading (Vaid & Chern, 1985b). Sudden increase in pore-water
pressure initiates strain softening and results in flow failure. Flow liquefaction had fewer
occurrences compared to cyclic mobility; however this form of liquefaction has caused
significant damages by developing unlimited deformations (Kramer, 1996). Cyclic
mobility, on the other hand, occurs after a number of load cycles that leads to a critical
level of mean effective normal stress resulting in a zero effective stress condition. Due to
the difference in damaging effects of these phenomena, it is important to consider both
forms in the evaluation of liquefaction hazards including susceptibility, initiation, and
effects (Alarcon-Guzman, et al., 1988; Kramer, 1996).
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The effective stress path in monotonic undrained shearing constitutes a boundary
between the stable and unstable states that governs the liquefaction initiation under
undrained cyclic loading. Beyond this boundary, a reduction of soil resistance to the
steady-state strength level is observed (Alarcon-Guzman, et al., 1988; Kramer, 1996).
Under monotonic and cyclic loadings, strain softening is initiated at a constant value of
the principal effective stress ratio denoted as flow liquefaction surface (FLS)
corresponding to the mobilized angle of shearing resistance, 'mob (Hanzawa, et al., 1979;
Vaid & Chern, 1983; Vaid & Chern, 1985b; Alarcon-Guzman, et al., 1988; Kramer,
1996; Vaid, et al., 2001). FLS is a linear boundary between the stable and unstable states
that passes through the origin of the stress space, and is independent of the relative
density (Sladen, et al., 1985; Mohamad & Dobry , 1986; Alarcon-Guzman, et al.,
1988).Under undrained cyclic loading of saturated sand, the mobilized effective angle of
internal friction, 'mob, is smaller than the maximum angle of shear resistance (Bishop,
1971).
FLS can be used along with the steady-state concept to explain the relationship between
different liquefaction phenomena and the proper evaluation of the soil behaviour. Pore
pressure ratio at the initiation of liquefaction can be estimated based on the FLS and the
initial stress ratio (Kramer, 1996); however, Alarcon-Guzman et al. (1988) suggested that
the cyclic resistance to strain softening is underestimated if the flow failure potential is
predicted using the monotonic FLS line.
Both monotonic and cyclic loading can result in flow liquefaction. In a cyclic loading
event, cyclic shear stress or initial static driving shear stress that is larger than the steady146

state strength may cause flow liquefaction. In these two cases, the effective stress path
reaches the FLS, and soil becomes unstable due to strain softening, and the stress path
moves towards the steady state of deformation after crossing the FLS (Alarcon-Guzman,
et al., 1988; Kramer, 1996). For a large initial stress that is close to the FLS, very small
undrained disturbance could trigger flow liquefaction (Kramer & Seed, 1988). In cases
where the effective stress path under cyclic loading does not exceed or momentarily
touch FLS, cyclic mobility, rather than flow liquefaction, occurs. This is the case when
the cyclic shear stress or initial static driving shear stress is smaller than the steady-state
strength; consequently, the effective stress path does not reach FLS and only traverses
below the level of the steady-state strength, moving from contraction to dilation region
towards the failure. In such case, when the critical state line is reached, dilation
dominates and the soil experiences strain hardening momentarily. The change in the
direction of loading from compression to extension can cause pore pressure to increase
which reduces the strength and ends the strain hardening, and consequently the stress
path bends back towards the origin.
A significant decrease in effective confining stress and strength results in the collapse of
soil structure and a permanent strain accumulation with each load cycle (Youd, 1977;
Nemat-Nasser & Takahashi, 1984; Alarcon-Guzman, et al., 1988). Depending on the
level of initial static shear stress and cyclic load amplitudes, stress reversal could occur.
The stress reversal can initiate cyclic mobility in isotopically consolidated samples with
initial states located at the loose or dense side of the critical state line. The stress reversal
increases the rate of pore pressure generation, which consequently causes rapid change of
the stress path towards the origin and the oscillation about the horizontal axis in
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compression and extension regions. Therefore, the soil experiences a temporary state of
zero effective stress (initial liquefaction) and loss of strength (Dobry, et al., 1982;
Mohamad & Dobry , 1986; Alarcon-Guzman, et al., 1988; Kramer, 1996). The cyclic
loading of soil specimens with shear stress amplitudes larger than the undrained steadystate strength could also cause cyclic mobility. In this case, the stress path temporarily
undergoes a limited steady-state condition and strain hardening occurs upon reaching
CSL. Liquefaction is then triggered upon the next stress reversal, the stress path reaches
the state of zero effective stress, and large deformations accumulate due to alternating
cycles of momentary zero effective stress states and stiffening (Castro, 1975; Casagrande,
1976; Castro & Poulos, 1977; Seed, 1979).
The liquefaction phenomenon in clean and poorly graded sands is well understood,
however the effect of fine particles and their nature on the cyclic behaviour of silty sand
samples is still of concern. The literature reports the liquefaction in silty sands under
undrained cyclic loading conditions (Seed & Harder, 1990). Fine particles influence the
soil matrix behaviour; and the shape and mineralogy of fines material are important
factors in the resulting behaviour (Sadrekarimi, 2013).

4.2 Objectives and methodology
The main objectives of this paper are to evaluate the cyclic behaviour of carbonate-silica
silty sands with different levels of low-plastic fines content and to determine the main
factors that govern its liquefaction susceptibility. These objectives are achieved through a
series of cyclic undrained load controlled triaxial tests. The susceptibility and initiation of
liquefaction considering the composition and state of the soil (i.e., state parameter, ) are
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discussed. The testing comprises cyclic shearing of isotopically consolidated samples and
the results are analyzed in the critical state framework to explain the soil behaviour. The
effects of density, confining pressure and fines content (FC) on the cyclic stress curves
are identified as well. Dynamic soil properties (stiffness and damping ratio) and their
variation with the strain level are also determined from the test results. To characterize
the small strain properties of soil, shear wave velocity measurements are also performed
at the consolidation stage using bender elements.

4.3 Sample preparation and testing program
To study the cyclic behaviour, dynamic and small strain properties of silty sands with 0,
10 and 20% of low plasticity fines, cyclic triaxial tests were carried out under different
confining pressures on samples of varying density. The soil was collected from the lower
region of the Boler Mountain in London, Ontario. The mountain is located in the western
suburban neighbourhood of Byron. Quaternary geology of southern Ontario characterizes
deposits of Byron region as Glaciofluvial outwash and ice-contact. The scanning electron
microscope (SEM) images showed that the soil particles were sub-angular to angular.
Also, the results of X-ray diffraction analyses revealed that the soil is composed primarily
of quartz (SiO2) and carbonates in the form of calcite (CaCO3) and dolomite
(MgCa(CO3)2). Hence, it can be categorized as carbonate-silica silty sand.
The grain size distribution, shown in Figure 4-1, and the index properties of the soil were
determined based on ASTM standards (ASTM, 2007; ASTM, 2010). Three different
mixtures with 0, 10 and 20% FC were prepared by sieving and washing the original soil
and dividing it into separate ranges of particle sizes. The particles were then oven-dried
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and remixed to produce the target gradations with different FC. Compared to the
gradation of the original sand, the mixtures gradation curves were only shifted vertically
and the original shape of the particle size distribution curve was nearly preserved
(Figure 4-1).
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Figure 4-1: Particle size distribution of the studied carbonate-silica silty sand.
Table 4-1 presents the maximum void ratio calculated using method C of ASTM D4253
(ASTM, 2000) and the minimum void ratio determined using a moist compaction method
that does not cause particle degradation (Naghavi, et al., 2015). As noted in Table 4-1, the
maximum void ratio (emax) of the mixture increases and the minimum void ratio (emin)
decreases by increasing FC. This could be due to the presence of the low-plasticity fines
that helps absorbing more water during the moist compaction process. Table 4-1 also
shows that different mixtures have approximately the same specific gravity (Gs)
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The Atterberg limits tests (ASTM, 2010) were performed on the particles passing sieve
#200 and the results showed that the liquid limit (LL), the plastic limit (PL), and the
plasticity index (PI) were 23.6%, 21.1%, and 2.5%, respectively. This indicates the
presence of low-plasticity fines and suggests that the mixture is non-plastic silty sand.
Table 4-1: Grain size characteristics and index properties of the tested silty sand
mixtures.
Soil Description
Clean sand
Silty sand 10%
Original Boler silty sand
Silty sand 20%

FC
(%)
0
10
17
20

D10
(mm)
0.14
0.08
0.04
0.04

D30
(mm)
0.25
0.21
0.15
0.14

D50
(mm)
0.42
0.31
0.28
0.25

D60
(mm)
0.54
0.42
0.34
0.32

Cu

Cc

Gs

emin

emax

3.9
5.6
8.3
8.0

0.8
1.3
1.6
1.5

2.72
2.72
2.72
2.72

0.525
0.458
0.409
0.409

0.690
0.696
0.744
0.744

Note: Cu and Cc are the coefficients of uniformity and curvature, respectively.

A computer-controlled triaxial testing apparatus (GDS ElDyn) equipped with a bender
element measurement system was employed. The machine is capable of performing
either displacement- or load-controlled cyclic tests by applying a sinusoidal load pattern
and can measure stresses and sample volume changes as low as 0.1 kPa and 1 mm3,
respectively. The system can achieve a maximum cell pressure and back pressure of 1
MPa by means of pneumatic and hydraulic controllers, respectively. Three transducers
with the capacity of 1 MPa measure the cell pressure, back pressure and pore pressure.
An optical encoder on the axial electromechanical actuator provides precise
measurements of the axial displacements of the order of 0.0001 mm. The maximum
range of axial displacement in compression is 25 mm. This system has a submersible load
cell, with a capacity of 4 kN and resolution of 1 N, to monitor the axial load. The
accuracy of the measurements of the load cell and pressure transducers is 0.1% and
0.25% of the full range, respectively.
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Specimens with different initial void ratios were prepared by the under-compaction moist
tamping method (Ladd, 1978). To remove air bubbles, only de-aired water (no carbon
dioxide) was used for flushing the samples because the soil had carbonates. This was
necessary to prevent the alteration of soil mineralogy due to undesired chemical reaction
between soil elements and de-aired water and carbon dioxide (Chaney, et al., 1979; Baldi,
et al., 1988). In order to assure a high degree of saturation, cell pressure and back
pressure were simultaneously increased to 710 and 700 kPa, respectively. An effective
confinement of 10 kPa was maintained during this procedure. The samples were
considered saturated when the Skempton's pore-pressure parameter reached a value of
0.97 or greater. All samples were then isotropically consolidated under different levels of
effective confining pressures.
Cyclic stress-controlled triaxial tests were performed on the samples of different relative
density. The test samples had a diameter and a height of 50 and 100 mm, respectively.
The volume changes of the samples were monitored throughout the tests for a precise
calculation of the void ratio. The specimens were isotropically consolidated under
effective confining pressures of 50, 100 and 200 kPa. This range of effective confining
pressure was deemed representative of the normal range of in-situ soil pressures for up to
20 m of depth for liquefaction analyses. The sample shear wave velocity (Vs) was
measured at the consolidation stage. The cyclic load was applied at a frequency of 0.5 Hz
with varying load amplitudes and cyclic stress ratio (CSR) was calculated from the
following equation:
𝐂𝐒𝐑 =
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𝐪𝒄𝒚𝒄
𝟐𝐩′

(4-1)

4.4 Results and discussion
The cyclic shear test results and Vs measurements are analyzed and reported in this
section. Behaviours of the carbonate-silica silty sands under cyclic loading are discussed
and the monotonic and cyclic undrained behaviours are compared. The variations of
dynamic soil properties with strain level are presented.

4.4.1

Observations from the cyclic load tests

In this study, the results are discussed based on the state of soil sample (e and p'c). CSL of
these mixtures were investigated in another study (Chapter 3) and the results are
presented herein (in Figure 4-2) for completeness.
Based on the CSL parameters and extreme void ratios, consolidated samples of different
void ratio under three level of effective stress can have state parameters in the range that
is presented in Table 4-2.
Table 4-2: Limiting state parameters for carbonate-silica clean and silty sands.
p'c = 50 kPa

p'c =100 kPa

p'c =200 kPa

0.525


0.697


0.010

max
0.032

min
-0.133

max
0.039

min
-0.126

max
0.046

min
-0.119

0.696

0.458

0.651

0.028

0.155

-0.083

0.174

-0.064

0.193

-0.045

0.744

0.409

0.664

0.039

0.233

-0.102

0.260

-0.075

0.287

-0.048

Soil Name

emax

emin

clean sand

0.690

silty sand 10%
silty sand 20%
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Figure 4-2: Critical state lines of carbonate-silica silty sand: (a) deviator vs. mean
effective stress and (b) void ratio vs. mean effective stress.
Figure 4-3 and Figure 4-4 show examples of stress paths and hysteresis loops of loose
and dense samples that have been sheared after consolidation to p'c=100 kPa. These
figures demonstrate that the moist-tamped samples experienced flow-type failure and
cyclic mobility. Field cases of moist sand that are dumped as fill and submerged by rising
water table (Olson, et al., 2000; Chu & Leong, 2003) can be simulated by moist tamping.
This sample preparation method is useful in producing samples of a wider range of void
ratios, while water pluviation could cause particle segregation in silty sand samples
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(Sadrekarimi & Olson, 2012). Sze and Yang (2014) reported that the cyclic failure mode
depends on the sample preparation method (moist tamping or dry deposition) and
categorizes the failure modes into flow-type failure, cyclic mobility, plastic strain
accumulation, limited flow followed by cyclic mobility, and limited flow followed by
strain accumulation. They reported that dry deposited samples could exhibit the five
different cyclic failure modes, whereas moist tamped samples could experience only
flow-type failure, cyclic mobility or plastic strain accumulation.
Given that the test samples were isotropically consolidated and were not under any initial
static driving shear, the amplitude of the cyclic loading was the only parameter that could
affect the type of liquefaction (flow liquefaction or cyclic mobility). The following
observations were made from cyclic shearing and are compared with the monotonic
behaviour.
As presented in Based on the CSL parameters and extreme void ratios, consolidated
samples of different void ratio under three level of effective stress can have state
parameters in the range that is presented in Table 4-2.
Table 4-2 for silty sand samples, absolute value of the maximum state is larger than the
absolute value of the minimum state. This means that isotropically consolidated silty sand
samples tested in this study are contractive (i.e., samples with positive state parameters)
and brittle in a wider range of densities compared to clean sands. It was observed in
another study (Chapter 2) on the same mixtures that specimens with large positive state
parameters had very small steady state strengths under monotonic shearing, which led to
flow liquefaction, as shown in Figure 4-3, under cyclic loading of different amplitudes.
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When these loose silty sands reached the FLS, they moved towards the steady state. The
medium-dense silty sand samples (i.e., samples with small positive state parameters) had
larger steady state strengths than those with large positive state parameters and
experienced cyclic mobility, as shown in Figure 4-4, under low levels of cyclic loading.
Cyclic load amplitudes higher than steady state strength were required to cause flow
liquefaction. Silty sand mixtures have become dilative only when they were very dense or
under very low effective stresses. Dilative specimens (i.e., with negative state parameter)
experienced cyclic mobility (Figure 4-4) under different levels of cyclic loading when
sheared under effective stresses of 50 to 200 kPa.
The saturated isotropically consolidated silty sand specimens exhibited a peak undrained
shear strength at small strains during monotonic shearing, and then collapsed as the stress
path moved to the steady state strength (see Chapter 2). This behaviour is referred to as
strain softening and contributed to flow liquefaction under cyclic loading when the cyclic
load amplitude was higher than the steady state strength. The very dense samples
experienced strain hardening, which made them susceptible to cyclic mobility under any
level of cyclic loading. The higher susceptibility of silty sand mixtures to flow
liquefaction is attributed to the fact that the low plasticity carbonate-silica fines increase
the mixture compressibility.
As shown in Based on the CSL parameters and extreme void ratios, consolidated samples
of different void ratio under three level of effective stress can have state parameters in the
range that is presented in Table 4-2.
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Table 4-2, the isotropically consolidated clean sand samples were dilative (i.e., had
negative state parameter) in a wider range of densities. The dilative samples experienced
cyclic mobility (Figure 4-4) under different levels of cyclic loading when being sheared
under effective stresses of 50 to 200 kPa. They experienced strain hardening momentarily
and then bent back due to stress reversal. The clean sand specimens with positive state
parameters had small steady state strengths similar to the strength of silty sands of large
positive state parameters. Hence, they were susceptible to flow liquefaction (Figure 4-3)
under any level of cyclic loading.
Typical behaviour of saturated isotropically consolidated clean sand specimens in
undrained monotonic triaxial tests was shown in Chapter 2. It was shown that clean sand
specimens at densities higher than 30%, exhibited increasing undrained shear strengths as
the strain increased and the stress path climbed up over the CSL until it reached a steady
state strength, and finally ductile failure occurred. This behaviour is referred to as strain
hardening, which makes these specimens susceptible to cyclic mobility under any level of
cyclic load amplitudes. The medium-dense specimens experienced limited liquefaction
followed by strain hardening which also made them susceptible to cyclic mobility under
any level of cyclic load amplitudes. This happened because the stress path of these
samples crossed the FLS momentarily and strain hardening occurred when the CSL was
reached. The very loose samples experienced strain softening, which made them
susceptible to flow liquefaction when the cyclic load amplitude exceeded the steady state
strength (as determined from monotonic load tests).
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The clean and silty sands at very loose states (i.e., large positive state parameters) had
small steady state strength and flow liquefaction was more likely to occur under any level
of cyclic load amplitudes as shown in Figure 4-3. The increase of confining pressure or
density increases the steady-state strength. Therefore, a higher level of cyclic loading is
required for a flow liquefaction event; otherwise the samples would experience cyclic
mobility (Figure 4-4). For clean and silty sands at their dense states (i.e., negative state
parameters), cyclic mobility occurred under any level of cyclic loading as shown in
Figure 4-4.
Figure 4-3a shows that for loose samples (i.e., with positive state parameter), the
hysteretic stress-strain loops display almost the same form for the first 14 cycles, and
then suddenly exhibit unstable behaviour signifying the onset of liquefaction. This
behaviour is further demonstrated in Figure 4-3b as the effective stress displays a gradual
reduction with the number of loading cycles which then suddenly drops to zero and
failure occurs. Similar observations can be made from Figure 4-3c and 3d, where the
excess pore water pressure and axial strain (a) exhibit a large jump in their values as
liquefaction occurs.
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Figure 4-3: Typical undrained response of clean and silty sands specimens of this
study at their loose state under cyclic loading (flow liquefaction).
Figure 4-4a shows that for dense samples with negative state parameter, the hysteretic
stress-strain loops deform and expand gradually due to the gradual increase in the excess
pore water pressure (Figure 4-4c). Correspondingly, as displayed in Figure 4-4b, the
stress path moves towards the failure envelope due to the reduction in effective stress,
and oscillates about the horizontal axis in compression and extension regions; the sample
experiences temporary states of strain hardening and zero effective stress. The axial strain
increases during this process (Figure 4-4d).
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Figure 4-4: Typical undrained response of clean and silty sands specimens of this
study at their dense states under cyclic loading (cyclic mobility).
The FLS line was determined from undrained monotonic triaxial tests, as described in
Chapter 2. The slope of CSL and FLS for the different tested mixtures and the
corresponding mobilized friction angle at the onset of liquefaction are presented in
Table 4-3. The slope of CSL was the same for all the tested mixtures (Figure 4-2) but the
gradient of FLS was steeper for clean sand compared to silty sand suggesting that a
higher level of cyclic loading would be required to move the state of the clean sand
samples to FLS. As an example, CSL and FLS lines obtained from monotonic
compression tests are plotted on the q-p'c space along with the cyclic stress path of
Figure 4-3b and 4-4b.
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Table 4-3: Friction angles of tested carbonate-silica silt and sand mixtures.
Critical strength point (CSL)

Peak strength point (FLS)
m=q/p'

1.37

cs
34

0.97

pk
25

10

1.37

34

0.91

23

20

1.37

34

0.81

21

Fine content (%)

m=q/p'

0

Figure 4-3b demonstrates that flow liquefaction was initiated at the same stress ratio as at
the peak monotonic strength (i.e., FLS) in the samples that experienced strain softening
(i.e., 'mob=pk). Collapse occurred when the stress path reached the CSL. It is noted in the
literature that samples that experience cyclic flow deformation follow the same
monotonic stress-strain path from FLS to CSL (Castro, 1987; Vaid & Sivathayalan, 2000;
Naeini & Baziar, 2004). Therefore, the undrained monotonic test results can be used as a
guide to select the strain level of liquefaction onset.
Some of the past studies on FLS were reviewed and summarized in here. Cyclic triaxial
tests on samples of angular tailings sand have shown that liquefaction was triggered at
stress ratios similar to monotonic FLS, regardless of the specimen’s initial state (Vaid &
Chern, 1985a). On the other hand, some studies investigated the behaviour of uniform
clean sands (e.g., Banding and Ottawa sands) and reported that the stress path can go
beyond the monotonic FLS before the onset of liquefaction under cyclic loading (Castro,
1969; Castro, et al., 1982; Dobry, et al., 1985; Sladen, et al., 1985). It was also found that
the mobilized friction angle at the initiation of strain softening depends on the state of the
soil, characterized by the void ratio and confining stress (Been & Jeffries, 1985; Vaid &
Chern, 1985b) and loading mode, i.e., compression or extension (Vaid, et al., 2001).
For the carbonate-silica silty sands of this study, flow liquefaction and collapse was
initiated at small axial strains between 0.3 to 1%, which could be attributed to the sudden
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loss of strength and the subsequent large deformations. Under constant p'c, this strain
range depends on the sample initial density but it is independent of the cyclic stress
amplitude or CSR. For samples with the same density, the axial strain at collapse
increased with the increase of the effective confining pressure. Figure 4-3 and Figure 4-4
(c and d) show pore pressure generation and axial strain progression in loose and dense
samples. Figure 4-5 presents the cyclic test results on clean sand under low confining
pressure of 50 kPa.
As shown in Figure 4-5a, the sample displayed gradual increase in the hysteretic stressstrain loop sizes until cyclic mobility occurred; meanwhile, the effective stress decreased
gradually until it reached zero in Figure 4-5b. The pore water pressure increased
gradually (Figure 4-5c) resulting in accumulation of large axial strains (Figure 4-5d). On
the other hand, silty sands with 10 and 20% fines experienced smaller plastic strains. The
plastic strain was manifested in each cycle in changes in stiffness and damping. The
residual strain was higher under the higher CSR and in the mixtures with lower fines
content.
It is usually assumed that CSL and FLS are the same in compression and extension.
However, it was observed that for low effective stress, the cyclic stress paths close to the
failure envelope are not symmetric in compression and extension (Figure 4-5b). In
compression, liquefaction was initiated at approximately the same point of monotonic
FLS and all the samples reached monotonic CSL either through flow deformations or
cyclic mobility. However, for samples under low effective stress, i.e., 50 kPa, cyclic
stress path showed smaller slopes for CSL and FLS in extension. The stress-strain
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response of these samples was non-symmetric, resulting in a large residual strain at the
end of loading.

Figure 4-5: Typical undrained response of clean sand specimens under cyclic
loading at shallow depths.
Comparing the monotonic and cyclic stress paths of the samples that experienced
liquefaction under cyclic loading, it is noted that the condition of zero effective stress
occurred due to stress reversal. Under monotonic loading, however, strain softening
occurred even when the soil was under non-zero effective stress and had some residual
strength. This could be an indication that the stress reversal during cyclic loading causes
a more drastic collapse of the structure than the collapse due to undrained monotonic
shearing. The post liquefaction shear-wave velocity measurements confirmed that post
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liquefaction stiffness could be zero after cyclic loading whereas it would be non-zero
after monotonic loading.
Based on these observations, it may be concluded that the cyclic behaviour of the
carbonate-silica sands and silty sands depends on the soil state, monotonic steady-state
strength and the level of cyclic loading. Clean and silty sands with negative states (i.e.,
samples with high relative densities or under low confining pressures) experienced cyclic
mobility under any level of cyclic load amplitude. However, samples with positive state
parameters experienced flow liquefaction or cyclic mobility depending on the applied
cyclic load amplitude, whether higher or lower than the monotonic steady-state strength.
This indicates that the risk of flow liquefaction is higher for soils with larger state
parameter.
It is important to have a consistent liquefaction criterion for the identification of
liquefaction onset. Liquefaction is usually defined as large development of pore-water
pressure (e.g., ru=100%) and/or attainment of 2.5% single amplitude (SA) of axial strain
in triaxial testing (Seed, 1976; Yoshimi, et al., 1984; Poulos, et al., 1985; Ishihara, 1996).
Full development of pore water pressure and reaching 2.5% SA was considered as the
primary liquefaction criteria in the current research. However, it is observed that 2.5%
SA axial strain is not necessarily achieved in all test samples. The samples of loose states
(i.e., positive state parameter) liquefy only by a sudden increase in excess pore pressure
before reaching 2.5% SA strain, whereas the samples of dense states (i.e., negative state
parameter) can attain 2.5% SA strain by the gradual development of pore water pressure.
As suggested by Wijewickreme and Soya (2016), drastic changes in hysteresis loops may
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also be considered as an additional criterion to determine the number of load cycles to
failure. For samples tested in this study, which experienced flow liquefaction, collapse
was initiated when the stress path reached FLS (Figure 4-3). After this point, which was
the last cycle before failure, the hysteresis stress-strain loop deformed significantly, and
the soil performance became unacceptable due to sudden decrease in stiffness. This
phenomenon was considered in the determination of the number of cycles to liquefaction
and other data analyses in this study. Therefore, the last cycle was not counted towards
total cycles and it was assumed that after the point of collapse initiation, the samples are
not resisting the cyclic load anymore. For samples that experienced cyclic mobility
(Figure 4-4) and could attain 2.5% SA, drastically deformed loops were also observed
and considered in determination of the number of cycles to failure. Therefore, the last
cycle was ignored if the point of failure (ru=1 or a=2.5% SA) was within the last cycle
and the loop was incomplete; and the last complete loop was considered as the last cycle
in the calculations. For specimens that experienced flow liquefaction (i.e., collapse
initiated by reaching FLS at pore pressure ratio of lower than 100%) and samples that
experienced cyclic mobility (i.e., obvious changes in the pattern of stress-strain loops)
liquefaction occurred at pore pressure ratios of lower than 100%.

4.4.2

Effect of density and void ratio

To study the effect of density on the cyclic strength of the carbonate-silica mixtures,
samples of different densities were sheared under 100 kPa of effective confining
pressure. The details of the tested samples are presented in Table 4-4.
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Table 4-4: Specifications of the tests performed to study the effect of density on
liquefaction resistance.
Test ID

FC (%)

p'c (kPa)

e

Dr (%)

fd (kN)

CSR



FC0BCy27

0

100

0.644

28

0.040

0.102

-0.007

FC0BCy23

0

100

0.640

30

0.050

0.128

-0.011

FC0BCy25

0

100

0.639

31

0.060

0.155

-0.012

FC0BCy54

0

100

0.646

27

0.060

0.149

-0.005

FC0BCy50

0

100

0.625

40

0.064

0.163

-0.026

FC0BCy53

0

100

0.626

39

0.048

0.120

-0.025

FC0BCy58

0

100

0.623

40

0.057

0.145

-0.028

FC0BCy24

0

100

0.629

37

0.040

0.103

-0.022

FC0BCy28

0

100

0.601

54

0.070

0.180

-0.050

FC0BCy32

0

100

0.603

53

0.050

0.128

-0.048

FC0BCy31

0

100

0.603

53

0.060

0.153

-0.048

FC0BCy33

0

100

0.604

52

0.040

0.102

-0.047

FC0BCy45

0

100

0.563

77

0.075

0.191

-0.088

FC0BCy46

0

100

0.560

78

0.080

0.204

-0.090

FC0BCy47

0

100

0.558

80

0.050

0.127

-0.093

FC0BCy48

0

100

0.560

79

0.088

0.224

-0.091

FC10BCy11

10

100

0.655

17

0.030

0.078

0.133

FC10BCy12

10

100

0.649

20

0.050

0.129

0.127

FC10BCy14

10

100

0.655

17

0.040

0.104

0.133

FC10BCy011

10

100

0.648

20

0.040

0.104

0.126

FC10BCy013

10

100

0.649

20

0.050

0.129

0.127

FC10BCy01

10

100

0.631

27

0.040

0.103

0.109

FC10BCy02

10

100

0.632

27

0.060

0.154

0.110

FC10BCy018

10

100

0.629

28

0.020

0.052

0.107

FC10BCy1

10

100

0.618

33

0.040

0.102

0.096

FC10BCy6

10

100

0.625

30

0.040

0.103

0.103

FC10BCy021

10

100

0.590

44

0.040

0.104

0.068

FC10BCy022

10

100

0.586

46

0.050

0.130

0.064

FC10BCy7

10

100

0.590

45

0.060

0.155

0.068

FC10BCy16

10

100

0.585

47

0.045

0.115

0.062

FC10BCy8

10

100

0.569

54

0.073

0.188

0.047

FC10BCy9

10

100

0.571

53

0.050

0.127

0.049

FC10BCy020

10

100

0.572

52

0.060

0.155

0.050

FC10BCy04

10

100

0.568

54

0.040

0.104

0.046

FC10BCy50

10

100

0.523

72

0.071

0.141

0.001

FC10BCy37

10

100

0.528

71

0.069

0.176

0.006

FC10BCy20

10

100

0.523

73

0.040

0.102

0.001

FC10BCy30

10

100

0.508

79

0.077

0.197

-0.014
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Table 4-4: (Continued)
Test ID

FC (%)

p'c (kPa)

e

Dr (%)

fd (kN)

CSR



FC10BCy31

10

100

0.510

78

0.074

0.189

-0.012

FC10BCy32

10

100

0.508

79

0.050

0.128

-0.014

FC10BCy38

10

100

0.506

80

0.040

0.102

-0.017

FC10BCy24

10

100

0.503

81

0.105

0.269

-0.019

FC10BCy25

10

100

0.504

81

0.070

0.179

-0.018

FC10BCy26

10

100

0.505

80

0.095

0.243

-0.017

FC20BCy9

20

100

0.681

19

0.040

0.103

0.197

FC20BCy11

20

100

0.682

19

0.030

0.078

0.197

FC20BCy8

20

100

0.640

31

0.035

0.091

0.155

FC20BCy1

20

100

0.646

29

0.040

0.104

0.162

FC20BCy6

20

100

0.643

30

0.030

0.077

0.158

FC20BCy13

20

100

0.596

44

0.020

0.052

0.112

FC20BCy15

20

100

0.591

46

0.030

0.077

0.107

FC20BCy12

20

100

0.599

43

0.040

0.103

0.115

FC20BCy14

20

100

0.596

44

0.050

0.129

0.112

FC20BCy4

20

100

0.589

46

0.055

0.142

0.105

FC20BCy28

20

100

0.521

67

0.040

0.102

0.036

FC20BCy23

20

100

0.524

66

0.070

0.179

0.040

FC20BCy29

20

100

0.523

66

0.055

0.141

0.038

FC20BCy34

20

100

0.478

80

0.072

0.183

-0.007

FC20BCy35

20

100

0.477

80

0.040

0.102

-0.008

FC20BCy36

20

100

0.472

81

0.076

0.194

-0.013

FC20BCy37

20

100

0.475

80

0.050

0.128

-0.009

FC20BCy40

20

100

0.443

90

0.090

0.229

-0.041

FC20BCy42

20

100

0.441

91

0.050

0.127

-0.044

FC20BCy43

20

100

0.439

91

0.070

0.178

-0.045

Due to the uncertainties that are involved in the determination of extreme void ratios
(Naghavi, et al., 2015), interpretations of the results are done based on void ratio rather
than relative density.

Relative density is only used for sample preparation and

presentation of graphs.
The effect of change in void ratio is studied in samples with different fines content
sheared under a constant cyclic shear stress ratio. Figure 4-6 presents the variation of
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cyclic stress ratio, CSR, versus the number of load cycles to failure, Nf, for the tested
specimens. The curves in Figure 4-6 display a trend line that can be represented as:
𝐂𝐒𝐑 = 𝐚𝐍𝐟 𝐛

(4-2)

where, a and b are regression parameters determined from curve fitting the test results
and are shown in Figure 4-6. Figure 4-6 shows that, generally, CSR increased as the soil
density increased. Under constant level of stress, the loose specimens with low relative
density (i.e., samples with large state parameter) displayed similar behaviours and
resistance under cyclic loading and the change in void ratio had insignificant influence on
CSR. As sample density increased (i.e., state parameter decreased), CSR increased.
For medium-dense and dense samples (i.e., samples with small positive state parameter
or negative state parameters) CSR was significantly affected by the changes in void ratio.
The lower rate of change between the CSR-Nf curves for specimens with large state
parameter at smaller densities indicate their susceptibility to reach static liquefaction
under low level of CSR. On the other hand, the samples with negative state parameters
that were not susceptible to static flow liquefaction required higher levels of CSR and
energy to experience cyclic mobility.
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Figure 4-6: Effect of relative density and void ratio on CSR curves of specimens
with (a) FC=0%, (b) FC=10%, and (c) FC=20%.
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Clean and silty sands at very loose states (i.e., large state parameters) had small steadystate strengths and therefore flow liquefaction was more likely to occur under any cyclic
load amplitude. It should be noted, however, that these results are valid for effective
confining pressure range considered (i.e., less than 200 kPa). It is reported that CSL in
the e-logp'c is often linear in this range of stress and becomes curved under higher stresses
(Huang, et al., 2004; Yang & Sze, 2011).
From the cyclic test results (Figure 4-6), it is determined that CSR was approximately
0.05 for the critical level of repeated loading (CLRL). Sangrey et al (1969) and Sangrey
et al (1978) defined CLRL as stress ratio which sets a lower limit to any possible onset of
liquefaction (Sangrey, et al., 1978). At cyclic stress ratios below this level, failure will
never be reached and a stable response will be achieved. It is reported that CLRL
increases with the increase of soil plasticity (Sangrey, et al., 1969), and ranges from 0.05
for non-plastic silt to 0.55 for mud (Houston & Herrmann, 1980).
It should be noted that the preparation of loose samples to reach a specific void ratio
(e.g., relative densities less than 10 to 30%) and maintaining deformation of the loose
structure during saturation, consolidation and shearing phases was difficult. As a result,
more scatter was observed in the cyclic resistance of these samples. The same issue was
reported by Sadek and Saleh (2007).

4.4.3

Effect of stress level

In order to investigate the effect of confining pressure, samples with different level of
fines as detailed in Table 4-5 were tested. The void ratio was maintained the same in
specimens with the same fines content. The samples were subjected to cyclic loading and
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the results are presented in Figure 4-7a, b and c for specimens with 0%, 10% and 20%
FC, respectively. As can be noted from Figure 4-7, generally, the specimens tested under
higher confining pressure showed lower resistance to liquefaction. At the tested densities,
effective confining pressure affected samples with different fines content in almost the
same manner.
For effective confining pressures less than 400 kPa, the cyclic resistance of silty sands
decreases as the effective confining pressure increases (Vaid & Sivathayalan, 1996;
Amini & Qi, 2000; Naeini & Baziar, 2004; Baziar & Sharafi, 2011; Salem, et al., 2013).
This reduction is more significant for samples with relative density higher than 30%. A
reduction in cyclic resistance with increasing overburden pressure was also observed in
reduction in cyclic resistance with increasing overburden pressure was also observed in
the field data summarized by Seed and Harder (1990) and a correction factor (K) for
effective overburden pressure was defined based on this data. K is defined as the ratio
between CSR at a given confining stress to CSR at a reference stress state of 100 kPa and
is less than 1 for the effective confining pressures larger than 100 kPa. However, at a
constant overburden pressure, there was scatter in the field data presented by Seed and
Harder (1990), which shows that other parameters such as relative density and loading
mode also influence K (Stedman, 1997). Specimens with loose states are less affected
by the changes in confining pressure (Vaid & Thomas, 1995). Results from cyclic simple
shear test also underestimate this effect compared to the results obtained from cyclic
triaxial tests (Vaid & Sivathayalan, 1996). It should be noted that laboratory test results
of this study could be applicable to the new man made fills and earth structures that have
no aging or stress history.
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Table 4-5: Specifications of the tests performed to study the effect of stress on
liquefaction resistance.
Test ID

FC (%)

p'c (kPa)

e

Dr (%)

qcyc (kN)

CSR



FC0BCy39

0

50

0.605

52

0.030

0.152

-0.053

FC0BCy57

0

50

0.603

52

0.025

0.127

-0.054

FC0BCy41

0

50

0.602

54

0.035

0.178

-0.056

FC0BCy42

0

50

0.601

54

0.020

0.102

-0.057

FC0BCy28

0

100

0.601

54

0.070

0.180

-0.050

FC0BCy32

0

100

0.603

53

0.050

0.128

-0.048

FC0BCy31

0

100

0.603

53

0.060

0.153

-0.048

FC0BCy33

0

100

0.604

52

0.040

0.102

-0.047

FC0BCy34

0

200

0.606

51

0.080

0.102

-0.038

FC0BCy35

0

200

0.604

52

0.100

0.128

-0.040

FC0BCy37

0

200

0.606

51

0.140

0.179

-0.038

FC0BCy38

0

200

0.604

52

0.120

0.154

-0.040

FC10BCy46

10

50

0.520

74

0.035

0.178

-0.022

FC10BCy47

10

50

0.520

74

0.028

0.143

-0.022

FC10BCy48

10

50

0.526

71

0.020

0.102

-0.015

FC10BCy50

10

100

0.523

72

0.071

0.141

0.001

FC10BCy37

10

100

0.528

71

0.069

0.176

0.006

FC10BCy20

10

100

0.523

73

0.040

0.102

0.001

FC10BCy51

10

200

0.521

73

0.139

0.179

0.018

FC10BCy19

10

200

0.530

70

0.110

0.142

0.027

FC10BCy18

10

200

0.527

71

0.080

0.103

0.024

FC20BCy30

20

50

0.517

68

0.030

0.153

0.005

FC20BCy31

20

50

0.520

67

0.035

0.178

0.009

FC20BCy32

20

50

0.519

67

0.020

0.102

0.008

FC20BCy28

20

100

0.521

67

0.040

0.102

0.036

FC20BCy23

20

100

0.524

66

0.070

0.179

0.040

FC20BCy29

20

100

0.523

66

0.055

0.141

0.038

FC20BCy25

20

200

0.526

65

0.139

0.179

0.069

FC20BCy26

20

200

0.525

65

0.080

0.103

0.068

FC20BCy27

20

200

0.529

64

0.110

0.141

0.071
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Figure 4-7: Effect of effective confining pressure on CSR curves of specimens with
(a) FC=0%, (b) FC=10%, and (c) FC=20%.
173

4.4.4

Effect of fines

The effect of fines content level was studied under constant stress and at two different
levels of void ratio. The results are presented in Figure 4-8. It was observed that the
liquefaction resistance decreased as FC increased, but the change in cyclic resistance for
all silty sand mixtures was small. For the soil tested herein, the fine particles were lowplastic and were composed of silt with low percentage of clay. These fines increased the
mixture compressibility and reduced its cyclic resistance.
0.20
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p'c=100 kPa
e=0.640

p'c=100 kPa
e=0.595

y = 0.25x-0.23
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1

10

0.05
Nf

100

1000

y = 0.21x-0.22

FC=0%
FC=10%
FC=20%
1

10

Nf

100

1000

Figure 4-8: Effect of the level of fines content on CSR curves for different void
ratios.
Past studies also showed that fine particles influence the soil matrix behaviour; and the
shape and mineralogy of fines material are important factors in the resulting behaviour
(Sadrekarimi, 2013).
It appears there is no consensus on the concept of threshold FC in the literature. Some
studies showed that increasing fines content could increase the cyclic resistance of the
sand-silt mixture (Chang, et al., 1982; Amini & Qi, 2000), while other studies reported
decrease of liquefaction resistance with increase in FC up to 30 to 40%; and a reverse
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trend with further increase in FC. (Troncoso, 1986; Koester, 1994; Erten & Maher, 1995;
Xenaki & Athanasopoulos, 2003; Belkhatir, et al., 2010). Meanwhile, low-plastic fines
are reported to decrease the liquefaction resistance of the soil (Polito, 1999; Sadek &
Saleh, 2007; Baziar & Sharafi, 2011), whereas high plasticity fines alter the soil response
from sand-like to clay-like (Boulanger & Idriss, 2006). Aforementioned studies showed
that adding fines could increase or decrease the cyclic resistance of the mixture. This
contradicts the concept of “threshold” fines content, which stipulates the liquefaction
resistance decreases as the FC increases up to a threshold value of fines and then
increases as FC increases beyond this threshold (Benghalia, et al., 2015).
It is also reported that a limited amount of silt (between 25 to 45%) can be contained in
the sand structure’s voids without affecting the sand matrix resistance to liquefaction,
which is denoted as the limiting silt content. For mixtures with fines content lower than
this level, the soil resistance to liquefaction is independent of the level of fines and the
soil relative density governs its behaviour under cyclic loading (Polito, 1999; Polito &
Martin, 2001; Sadek & Saleh, 2007). After this limiting silt content, fines particle
contacts dominate the response instead of the sand particle contacts (Thevanayagam &
Mohan, 2000).

4.4.5

Particle degradation after tests

The particles may experience crushing under loading, which has been quantified by
empirical breakage factors (Hardin, 1985; Lade, et al., 1996). Particle crushing is
reported as one of the important considerations for testing soils with carbonates (Coop &
Airey, 2003). Therefore, the amount of particle degradation of soil specimens was
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evaluated for random tests by comparing the gradation curves before and after each test.
The relative breakage (Br), defined as the area between the gradation curves, the total
breakage, Bt, divided by the area between the original soil gradation and a vertical line at
74 m, breakage potential, Bp, was used to quantify particle degradation (Hardin, 1985).
A range of relative breakage between 1 to 14% was observed. Due to repeated loading in
cyclic shearing, this range of breakage was higher than the breakage observed in samples
sheared in monotonic tests. Dense specimens and samples under higher level of cyclic
stress ratio experienced higher particle degradation. The observed particle degradation in
this range of consolidation pressure and axial strains of shearing was low and similar to
what reported in the literature. It seems that interaction of silica and carbonate particles
caused rounding or degradation of the less stiff particles. Sieve analysis after shearing
revealed that particle sizes of #20, #40 and #60 are possibly more sensitive to
degradation, because their masses decreased after tests.

4.4.6

Variation of small strain stiffness with fines content

Small strain stiffness or maximum shear modulus (Gmax) of the specimens was
determined from the shear wave velocity measurements after the consolidation stage. The
shear modulus Gmax, was calculated from specimen bulk density:
𝐆𝐦𝐚𝐱 = 𝛒𝐕𝐬𝟐
where, ρ is the specimen bulk density.
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Figure 4-9: Variations of maximum shear modulus with depth for mixtures of (a)
FC=0%, (b) FC=10%, and (c) FC=20%.
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Figure 4-9 shows the variations of maximum shear modulus with effective confining
pressure. It is noted from Figure 4-9 that the small strain stiffness increases as the
effective confining pressure increases, following a power equation for the mixtures of
different fines content. As noted in Figure 4-9, the value of the exponent is higher for the
clean sand than it is for the mixtures with fines, which indicates higher influence of
confinement on the stiffness for this clean natural sand compared to silty sands. Figure 49 also shows that the stiffness decreases as the fines content increases.
It is observed in Figure 4-9 that shear Gmax is a function of effective confining pressure in
the power of 0.6. Gmax values were normalized with respect to (p'c)0.6 and plotted versus
void ratio in Figure 4-10.
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Figure 4-10: Variation of normalized Gmax with void ratio.
Based on Figure 4-9 and 4-10 the following correlation can be proposed to estimate Gmax
as a function of on void ratio, level of stress and fines content:
𝐆𝐦𝐚𝐱 = [(𝟏𝟒. 𝟔𝟖 −

𝐅𝐂

𝐅𝐂

) − (𝟏𝟑 − 𝟏𝟎) × 𝐞] × (𝐩′𝐜 )𝟎.𝟔 , 𝐑𝟐 = 𝟎. 𝟗𝟕
𝟓
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(4-4)

Based on previous studies, Bui et al. (2010) reported the simplest form of empirical
equation for Gmax as function of void ratio (e) and mean effective stress ('c) studies
shows:
𝐆𝐦𝐚𝐱 = 𝐀𝐅(𝐞)(𝛔′𝐜 )𝐧

(4-5)

A range of 0.4 to 0.62 has been reported for n and A is a material coefficient which
depends on characteristics of soil particles, confinement time, and cementation.
Equation 4-4 developed from the results of this study has similar dependency on mean
effective stress with exponent, n, being in the high range which is probably due to the
random and angular shape of particles and having a better gradation. Influence of void
ratio and fines content are combined. In the current study A and F(e) from Equation 5 are
combined and fines content level is involved in the Equation 4-4.

4.4.7

Soil properties at large strains

The earthquake-triggered liquefaction can cause extensive damage to structures resting
on susceptible soils (Davis, et al., 1988; Idriss & Boulanger, 2008). Therefore, the
seismic response of the susceptible deposits is of importance and should be assessed from
reliable nonlinear dynamic analysis, which relies on the dynamic soil properties at small
and large strain levels calculated from hysteresis loops (Kramer, 1996). The dynamic soil
properties are used to characterize the cyclic stress-strain behaviour of the soil (Yniesta &
Brandenberg, 2017).
The required dynamic soil properties (i.e., large strain soil stiffness, G, and damping
ratio, D) to perform ground response analyses can be evaluated from hysteresis stress179

strain loops (Kramer, 1996). A typical loop from the results of the cyclic tests is shown in
Figure 4-11. The dynamic properties of silty sand mixtures subjected to undrained cyclic
triaxial loading at different confining pressures, densities and cyclic stress levels are
investigated herein.
In this study, G and D are calculated from the geometrical properties of the hysteresis
loop of each cycle. The equivalent shear modulus is defined as:
𝛕

−𝛕

𝐆𝐞𝐪 = 𝛄𝐦𝐚𝐱 −𝛄𝐦𝐢𝐧
𝐦𝐚𝐱

𝐦𝐢𝐧

(4-6)

where, Geq is the equivalent shear modulus, τmax and τmin are the extreme values of
cyclic shear stress, and γmax and γmin are the extreme values of cyclic shear strain. These
parameters are shown in Figure 4-11 with the demonstration of initial and equivalent
shear modulus. From triaxial test results, shear stress and strain are calculated as below:
𝛕=

𝐪𝒄𝒚𝒄
𝟐

𝛄 = 𝟏. 𝟓𝜺𝒂

(4-7)
(4-8)

where, qcyc is the cyclic deviator stress and a is axial strain.
The hysteretic damping ratio is defined as (Kramer, 1996):
𝐃=

𝐖𝐝
𝟒𝛑𝐖𝐬

(4-9)

in which, D is the damping ratio, Wd is the energy dissipated in one cycle of loading (area
enclosed in the hysteresis loops), and Ws is the maximum energy stored during cycle. Wd
is calculated from:
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𝐖𝐝 = ∑ 𝐪𝛆𝐚
60

(4-10)
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Figure 4-11: Typical symmetric loop from the first cycle of cyclic triaxial tests.
The calculation of dissipated energy in each loop (i.e., enclosed area in the loop, Wd) and
the equivalent shear modulus (i.e., inclination of the loop, Geq) are straightforward, but
determination of the maximum stored energy (Ws) in each cycle can be confusing for
asymmetric loops as presented in Figure 4-12.
For idealized hysteresis loops (Figure 4-11), the calculation of Ws is straightforward
because the limiting stress and strain values coincide with maximum stress and strain. For
deformed hysteresis loops (Figure 4-12), specifying the area for the calculation of Ws is
challenging.
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Figure 4-12: Typical asymmetric loops from progressed cycles of cyclic triaxial tests.
As illustrated in Figure 4-12a and b, different definitions are used for maximum stored
energy. Many researchers (Liang, 1995; Kramer, 1996; Brennan, et al., 2005; Dietz &
Muir Wood, 2007; Rayhani & El Naggar, 2008) have used the equivalent linear method
(ELM), in which the maximum stored energy is related to equivalent shear modulus and
maximum average shear strain in the cycle (Figure 4-12a). The average height and width
of the stress-strain loop are used to calculate the maximum stored energy, which gives the
best representative values of damping ratio (Brennan, et al., 2005), i.e.,
𝐃=

𝟎.𝟕𝟓𝐖𝐝
𝛄
−𝛄
𝟐𝛑𝐆𝐞𝐪 ( 𝐦𝐚𝐱 𝐦𝐢𝐧 )𝟐
𝟐

182

(4-11)

In Equation 4-9, dissipated energy (Wd) is calculated from the triaxial test results and
axial stress versus axial strain curves, and then multiplied by 0.75 to adjust for the
dissipated energy values calculated from the shear stress versus shear strain curves.
El Takch (2013) used maximum stored energy in the compression side of the cycle, as
illustrated in Figure 4-12b. The damping ratio calculated using ELM returns smaller
values compared to those calculated by using maximum stored energy determined from
maximum compressional stress and strains values. The damping ratio obtained from both
methods increases as the applied shear strain increases; however, in some tests, D
decreases at large strains (>1%). Figure 4-13 shows an example of a sample that
experienced cyclic mobility and decrease in damping ratio.
The decision on the use of reduced damping ratios in analysis depends on the form of
failure, i.e., flow liquefaction or cyclic mobility. For specimens that experience flow
liquefaction, (Figure 4-3), the damping ratio decreases when flow deformation is
triggered, the sample fails within the last cycle, where the reduction in damping is
observed. This reduction can happen even at shear strains smaller than 1%, and can be
ignored as the collapse mechanism has already been initiated in the soil and damping
ratio is irrelevant at this point. For specimens that experience cyclic mobility
(Figure 4-13), reduction in damping is observed at shear strains larger than 1%, when the
loops deform drastically as shear strain increases and strength decreases significantly.
This reduced damping was observed in some tests should be used in the analysis with
caution, considering that sample loses its acceptable performance at large strain levels
due to significant decay in stiffness.
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Figure 4-13: Variation of damping ratio and shear modulus with strain in sample
with cyclic mobility type of failure.
In this study, dynamic soil properties are calculated using the ELM concept. The last
cycle is ignored if the point of failure (ru=1 or a=2.5% SA) is achieved within the last
cycle but the loop is incomplete. Therefore, the last complete loop was considered as the
last cycle in the calculations.
Figure 4-14 show the effect of stress on the variations of soil equivalent shear modulus
and damping ratio.
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Figure 4-14: Effect of stress level on equivalent shear modulus and damping ratio.
The test results for all specimens showed similar trend of decreasing stiffness with
increasing shear strain. Similar trends were observed for the mixtures of different fines
content: stiffness and damping increased as confining pressure increased; and the effect
of confining pressure on damping was more significant at large strains.
The shear modulus reduction curve, widely used in equivalent linear analyses, is obtained
by normalizing the soil equivalent stiffness with respect to the initial stiffness from
triaxial as well as the maximum stiffness at small strains from bender element testing.
The modulus reduction curves obtained from both methods are plotted in Figure 4-15. It
is observed from Figure 4-15 that the stress level has the same increasing influence on
normalized stiffness.
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Figure 4-15: Modulus reduction curves from triaxial and bender element testing.
Variations of Geq/Gmax are compared with the hyperbolic model curves (Hardin &
Drnevich, 1972; Santos, et al., 2003; Vardenega & Bolton, 2011) that were proposed to
demonstrate the shear modulus reduction curve, in the form of:
𝐆𝐞𝐪
𝐆𝐦𝐚𝐱

=

𝟏

𝛄 𝐛
)
𝛄𝐫𝐞𝐟

𝟏+𝐚(

(4-12)

where, a and b are constants from different studies that are reported in Table 4-6. ref is
the reference shear strain and determined based on the definition that Geq reaches half of
the Gmax at ref. Santos and Correia (2003) assumes ref as volumetric threshold strain.
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Table 4-6: Constants from different hyperbolic modulus reduction curves.
Authors Name
Hardin and Drnevich (1972)
Santos and Correia (2003)
Vardenega and Bolton (2011)

a
1
0.385
1

b
1
1
0.74

Assuming 0.01% for the ref, variations of Geq/Gmax with shear strain are plotted with the
hyperbolic model curves in Figure 4-16. Results of this study are more consistent with
the curves proposed by Santos and Correia (2003) and Vardenega and Bolton (2011).
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Figure 4-16: Comparison of shear modulus reduction curves with models from
previous studies.
The stiffness and damping ratio vary with strain progression in a dynamic event. The
proper determination of these parameters is crucial in the prediction of soil behaviour and
for seismic response analyses (Vucetic & Dobry, 1991; Vucetic, 1992; Kramer, 1996).
Triaxial test results show these variations for a shear strain range of larger than 0.01%.
More advanced equipment such as resonant column is required for the strain range of less
than 0.01%.
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Previous studies show stiffness degradation by increase in strain for different soils and
increasing damping ratio by strain development (Seed & Idriss, 1970; Yokota, et al.,
1981; Seed, et al., 1986; Bolton & Wilson, 1990; Cavallaro, et al., 2000; Rayhani & El
Naggar, 2008; Senetakis, et al., 2013). Most of the studies limit the variations to the shear
strain ranges of up to 1%, but there are studies that report reduction in damping ratio after
shear strain of 1% (Kiku & Yoshida, 2000; Brandes, 2010; El Takch, 2013; El Takch, et
al., 2017). This reduction is associated with the “deterioration of stress-strain curve” at
this level of strains and before the occurrence of liquefaction (Kiku & Yoshida, 2000).
The inaccuracies in the computed damping ratio due to dramatic increase in dissipated
energy and problematic equipment compliance were also counted as the reasons for
decrease in damping ratio above 1% shear strain (Brandes, 2010). Although damping
ratio decreases after this level of strain, the soil performance has already become
unacceptable due to significant deformation of loop and stiffness decay.
For undrained effective stress analyses that involve excess pore-water generation and the
changes of effective stress level during loading, dependence of stiffness and damping
ratio on stress level could be problematic (Yniesta & Brandenberg, 2017). The
corresponding curves of stiffness and damping need to evolve during analyses due to
their dependence on effective stress (Matasovic, 2006; Hashash, et al., 2016).
Recently, Yniesta and Brandenberg (2017) noted that the dynamic properties of soil
could be related to stress ratio rather than shear strain; and the developed relationships
could be independent of the level of effective confining pressure. This potentially useful
approach is investigated here, and variations of
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Geq
G0

and

Geq
Gmax

q

with stress ratioη = p′ are

plotted in Figure 4-17, while the variation of damping ratio, given by the difference
between damping ratio at large and small strains, D − Dmin with η is shown in
Figure 4-18.
1.0
FC=20% , e=0.525
0.8

p'c=200 kPa

Geq/G0

p'c=100 kPa
0.6

p'c=50 kPa

0.4
0.2
0.0
0.1

1



1.0
FC=20% , e=0.525

Geq/Gmax

0.8

p'c=200 kPa
p'c=100 kPa

0.6

p'c=50 kPa
0.4
0.2
0.0
0.1



1

Figure 4-17: Variation of modulus reduction curves with stress ratio.
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Figure 4-18: Variation of damping ratio with stress ratio.
These plots could be beneficial for equivalent linear analyses using the effective stress
approach. However, these curves were observed to be independent of the level of
effective confining pressure only for samples with 20% fines content, while other
mixtures showed some dependence on the stress level.

4.5 Summary and conclusions
A series of stress-controlled cyclic triaxial tests were carried out to study the behaviour
and dynamic properties of carbonate-silica silty sand mixtures. The samples were
isotropically consolidated under undrained conditions. The effect of three levels of fines
content, i.e., 0, 10 and 20%, was studied. From the results of this research the followings
are concluded:


The initial state of soil and cyclic load amplitudes are the influencing parameters
that determine the form of liquefaction and cyclic undrained shear strength.
Therefore, the accurate determination of initial overburden pressures and
surcharge loads from foundation and superstructure along with the correct
interpretation of cyclic shear stresses is necessary for liquefaction assessment.
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Silty sands are contractive and brittle in a wide range of densities. Thus, they are
more susceptible to flow liquefaction than cyclic mobility. In clean sand samples,
dilative behaviour is more prevalent in most densities, and these mixtures are
more susceptible to cyclic mobility.



The sudden development of excess pore-water pressure and flow liquefaction
govern the failure of silty sands, whereas the gradual development of excess porewater pressure, cyclic mobility and cumulative development of strain govern the
failure of clean sands.



Under constant effective pressures, the loose samples of clean and silty sands
failed in a flow deformation event. The medium-dense and dense samples of clean
sand developed a significant and more frequent cyclic mobility than flow
liquefaction. However, the silty sand samples experienced flow liquefaction more
frequently at higher densities. This difference is related to the more dilative nature
of clean sand samples under a wider range of densities compared to silty sand
samples that are contractive in a wider range.



Flow liquefaction was observed in the cyclic shearing of the very loose samples
of clean and silty sands. In these samples, flow liquefaction was triggered under
cyclic loading when the stress path reached FLS from monotonic tests. This
usually occurred at axial strains smaller than 1%, and pore pressure ratios of
larger than 0.8 and smaller than 1. Sudden failures and large deformations are the
consequences of flow liquefaction.



Larger cumulative strains were recorded in clean sand samples sheared under low
effective confining pressures. This shows the possibility of gap development at
191

shallow depths, and also results in having stress paths being asymmetric about the
axis separating the compression and extension sides.


Keeping all other parameters constant, the number of cycles to liquefaction
decreases by increasing fines content, effective confining pressure and cyclic
stress ratio, and by decreasing relative density.



For very loose samples (i.e., those with large positive state parameters) changes in
density, stress level and cyclic stress ratio does not significantly affect their
liquefaction resistance.



The variation of small strain stiffness with depth depends on the void ratio and the
level of fines content. Stiffness decreases by the increase in void ratio and fines
content.



Dynamic soil properties were determined at small and large strains. Decrease in
stiffness and increase in damping by strain progression was observed. Some
specimens showed decrease in damping at large strains which was associated with
drastically deformed loops at large strains due to the occurrence of flow
liquefaction or cyclic mobility.



It is suggested to ignore the reduced damping at large strains for the samples that
experience flow liquefaction. This is because the collapse has already been
initiated in these specimens at shear strains smaller than 1%, and damping ratio is
meaningless after this incident. The reduced damping observed in the specimens
that experienced cyclic mobility, should be used in analyses with caution,
considering the sample loses its acceptable performance at large strain levels due
to significant decay in stiffness and drastically deformed loops at large strains.
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It is important to note that the classification of liquefaction and its consequences
such as large deformations is only for the behaviour of the material element and
do not necessarily represent the global behaviour of an earth structure. This is
because the soil behaviour in field depends on many other factors such as
geometry of the site, initial driving shear stresses, aging, partial drainage,
different boundary conditions, and stress history.
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Chapter 5

5

Liquefaction assessment of carbonate-silica silty sands
using energy, state parameter and shear wave velocity

5.1 Introduction and background
The tendency for densification in cohesionless soils causes increase in pore pressure and
decrease in effective stress under undrained static and cyclic loadings. This process
results in liquefaction phenomenon in the form of flow liquefaction or cyclic mobility
(National Research Council, 1985; Kramer, 1996; Li & Ming, 2000; Andrade & Ramos,
2013). Due to the damaging effects of these phenomena, it is important to consider both
forms of liquefaction in the evaluation phase of liquefaction hazards including
susceptibility, initiation, and effects. Strong disturbance is required to trigger
liquefaction. The level of disturbance could be measured by the level of load,
displacement or work.
Current liquefaction evaluation procedures include: the stress-based (Seed & Idriss, 1971;
Youd, et al., 2001), strain-based (Dobry, et al., 1981) and energy-based (Nemat-Nasser &
Shokooh, 1979; Law , et al., 1990; Liang, 1995; Green, 2001) methods. The stress- and
strain-based approaches were developed based on field and laboratory data. The level of
stress or strain is determined assuming uniform loading with equivalent number of
cycles. The energy-based model was developed based on laboratory data. In this
approach, the energy capacity is calculated as the work done during cyclic shearing. The
stress-based method is more common in practice.
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Because of the random nature of earthquakes, some uncertainties are involved in the
methods that assume uniform loading with equivalent number of cycles and a specific
level of stress or strain (Green, 2001; Baziar & Jafarian, 2007). On the other hand, Liang
(1995) reported that random or uniform loadings do not affect the energy capacity. Thus,
using the energy concept in evaluating soil liquefaction offers a methodology that is
independent of the form of loading and stress path (Voznesenskya & Nordal, 1999; Dief
& Figueroa, 2001; Baziar & Jafarian, 2007).
In a dynamic event, work is done during soil deformation and hence some energy is
dissipated through “inter-particle sliding (friction) and elastic strain energy at the
contacts” (Denissen, 2009). The energy capacity of a soil is equal to the amount of
energy required to trigger liquefaction for a unit volume of soil. Pore-water pressure
generation has also been correlated to dissipated energy (Nemat-Nasser & Shokooh,
1979; Law , et al., 1990). A good unique parameter to evaluate the pore-pressure buildup
and induced strain can be dissipated energy (Kokusho, 2013).
The energy capacity can be compared with demand energy that is applied to the soil by
an earthquake. Failure would occur if the demand is higher than the capacity (Green,
2001). Energy capacity is calculated from stress-strain plots obtained from laboratory
tests on soil specimens, which involves elements of both stress- and strain-based
methods. The energy capacity is related to soil density, fines content and the level of
stress (Liang, 1995; Dief & Figueroa, 2001; Baziar & Jafarian, 2007). Simple correlations
are also available to quantify the energy released during earthquakes (Baziar & Jafarian,
2007). Thus, the energy-based method has strong theoretical and physical foundations
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(Youd & Idriss, 2001); however, application of energy-based method in engineering
practice has been very limited as there are no procedures specifically defined for this
method compared to the stress-based procedures (Kokusho & Mimori, 2014). Further
research and development are required in order for the energy-based method to be
adopted as a reliable procedure for liquefaction assessment. In particular, it needs to be
tested to become a practical procedure for general practice (Youd & Idriss, 2001;
Kokusho, 2013). Determining the relationship between soil state and energy capacity as
well as correlating the energy capacity and shear wave velocity could be important steps
towards developing an energy-based procedure for better practice.
Liquefaction triggering is a term often associated with the observations made during and
after earthquakes (Davis, et al., 1988; Idriss & Boulanger, 2008). Liquefaction triggering
curves that relate cyclic resistance of soil to in-situ measurements have long been
implemented in the stress-based liquefaction evaluation procedure. Meanwhile, sampling
and laboratory testing conducted for routine liquefaction investigations are associated
with several challenges related to sample disturbance and soil variability. Therefore, the
state-of-the-practice for liquefaction assessment is based on field tests (Youd, et al.,
2001). The cyclic resistance ratio is determined for field condition (CRRfield) using the
results of standard penetration test (SPT), cone penetration test (CPT), or in-situ shear
wave velocity (Vs) measurements (Seed & Idriss, 1971; Seed, et al., 1985; Robertson &
Wride, 1997; Andrus & Stokoe, 2000; Youd, et al., 2001; Cetin, et al., 2004; Idriss &
Boulanger, 2004; Moss, et al., 2006).
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However, the collapsibility of sands is influenced by different factors, and thus cannot be
captured by penetration tests alone (Alarcon-Guzman, et al., 1988). Shear wave velocity
data can be used to identify the loose zones within a soil mass. However, shear wave
velocity profiles are only available for a limited number of field case histories.
Alternatively, laboratory tests are commonly used to study the relationship between the
liquefaction resistances and shear wave velocity (Tokimatsu, et al., 1986; Yoshimi, et al.,
1989). The small strain measurements from laboratory tests can be related to the cyclic
resistance because the initial soil fabric only influences the behavior of sands at small
shear strains and has no effect on the large strain deformation characteristics (Castro,
1969; Casagrande, 1976; Poulos, 1981; Castro, et al., 1985; Poulos, et al., 1985).
Soil liquefaction is a complex phenomenon (Kramer & Elgamal, 2001) and therefore
many parameters such as soil properties, loading characteristics and site geometry are
involved in the liquefaction evaluation procedures. In particular, mineralogy and fines
content could affect the liquefaction triggering curves and the soil energy capacity.
Therefore, more studies are required to investigate the effects of these parameters.

5.2 Objectives
This research investigates liquefaction triggering curves for carbonate-silica silty sands.
Liquefaction triggering curves are developed by relating cyclic resistance and energy
capacity of soil specimens to their initial state parameter and shear wave velocity. The
state parameter is selected for characterizing soil resistance as it captures the combined
effects of density and stress level on the soil state.
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Cyclic resistance ratio (CRR) of the moist-tamped samples of clean carbonate-silica
sands and silty sands is examined using cyclic triaxial tests along with shear wave
velocity (Vs) measurements using bender elements. The triaxial test results are analyzed
in the critical state framework and the energy capacity of the soil up to liquefaction is
calculated from hysteresis loops. Liquefaction triggering curves that relate CRR and
energy capacity to the soil initial parameters (i.e., state parameter or normalized shear
wave velocity) are then established for the tested soils. Finally, the results obtained from
this study are compared with those obtained from previous studies for similar soils and
some correlations are proposed.

5.3 Selection of liquefaction criteria
It is necessary to define a criterion for the identification of liquefaction onset and
determination of liquefaction resistance (Wijewickreme & Soysa, 2016). Past research on
the different forms of liquefaction (e.g., flow liquefaction and cyclic mobility) resulted in
the identification of liquefaction onset based on pore water pressure ratio and/or specific
strain levels depending on the shearing mode. A customary definition has been set to the
attainment of 2.5% single amplitude (SA) axial strain in triaxial tests (Seed, 1976;
Yoshimi, et al., 1984; Poulos, et al., 1985; Ishihara, 1996) which is equivalent to 3.75%
SA of shear strain in simple shear tests (Vaid & Sivathayalan, 1996; Wijewickreme, et
al., 2005a; Wijewickreme, et al., 2005b; Porcino, et al., 2012). The cyclic strength of
sand is specified in terms of the magnitude of cyclic stress ratio required to produce 5%
double amplitude (DA) axial strains in 15 cycles of uniform load application (Ishihara,
1993). Ishihara (1996) stated that this criterion “coherently defines the state of cyclic
softening or liquefaction” of clean sands and silty sands.
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In this study, the primary criteria for identifying liquefaction triggering point and the
number of cycles to failure were the full development of pore water pressure or the
accumulation of 2.5% SA axial strain, whichever occurred first. However, it was
observed that 2.5% SA axial strain is not necessarily achieved in all test samples. The
samples of loose states (i.e., positive state parameter) liquefy only by a sudden increase in
excess pore pressure before reaching 2.5% SA strain, whereas the samples of dense states
(i.e., negative state parameter) can attain 2.5% SA strain by the gradual development of
pore water pressure.
If the complete failure has not occurred in the event of an earthquake, then the main
concern is the extent of the total settlement (Zienkiewicz, et al., 1987). This means for
soils in a state that is associated with sudden failure (complete loss of strength), the strain
criterion could not be a suitable measure of failure; on the other hand, for soils in a state
that do not fail completely, the strain criteria (e.g. ASTM criteria) could be used as a
suitable measure of failure.
For the samples of higher plasticity that can resist the generation of pore water pressure
due to their high permeability, strain could be a good measure under cyclic loading to
control the serviceability level. Meanwhile, for loose samples and samples of high
permeability in which pore water pressure develops early at low strain levels, it is more
appropriate to consider development of pore water pressure reaching pore water pressure
ratio of 100% as an indication of the liquefaction triggering point.
Determination of the cyclic strength of soils in laboratory tests requires the definition of a
criterion for describing “unacceptable performance” in terms of the development of a
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certain level of pore-water pressure (e.g., ru=100%) or strain (e.g., 2.5% SA of axial
strain in cyclic triaxial tests). Significant pore-water pressure increase and strain
accumulations are reflected in the shape of the hysteresis loops. In a series of cyclic direct
simple shear tests, Wijewickreme and Soya (2016), utilized the changes in the patterns of
the stress-strain loops at initial and later stages of cyclic loading to describe the
engineering performance of soil and non-smooth changes in incremental stiffness was
considered as a parameter to determine the number of cycles to failure (Nf). As suggested
by Wijewickreme and Soya (2016), drastic changes in hysteresis loops may also be
considered as an additional criterion to determine the number of load cycles to failure.
Therefore, distinguishable changes in the hysteresis loops of this study was visually
monitored as representative of the specimen’s overall behavior in stress-strain response
pattern of each loading cycle. For samples tested in this study, which experienced flow
liquefaction, collapse was initiated when the stress path reached FLS. After this point,
which was the last cycle before failure, the hysteresis stress-strain loop deformed
significantly, and the soil performance became unacceptable due to sudden decrease in
stiffness. This phenomenon was considered in the determination of the number of cycles
to liquefaction and other data analyses in this study. Therefore, the last cycle was not
counted towards total cycles and it was assumed that after the point of collapse initiation,
the samples are not resisting the cyclic load anymore.
For the samples that experienced cyclic mobility and could attain 2.5% SA, drastically
deformed loops were also observed and were considered in determining the number of
cycles to failure. Therefore, the last cycle was ignored if the point of failure (ru=100% or
a=2.5% SA) was within the last cycle and the loop was incomplete; and the last
220

complete loop was considered as the last cycle in the calculations. For specimens that
experienced flow liquefaction (i.e., collapse initiated by reaching FLS at pore pressure
ratio of lower than 100%) and samples that experienced cyclic mobility (i.e., obvious
changes in the pattern of stress-strain loops) liquefaction occurred at pore pressure ratios
of lower than 100%.
It is important to note that this discussion on liquefaction criteria is applicable to the
results of the current research, which involves isotropic consolidation tests and shearing
samples that were not subjected to any anisotropy in their initial stress state and were not
under initial static driving shear stress.

5.4 Testing program and sample preparation
Cyclic resistance and energy capacity of silty sands with different fines content (FC)
under different confining pressure and densities were evaluated from triaxial tests
conducted on silty sand samples with 0%, 10% and 20% of low-plasticity fines content.
The soil was collected from the lower region of the Boler Mountain in London, Ontario.
The mountain is located in the western suburban neighbourhood of Byron. Quaternary
geology of southern Ontario characterizes deposits of Byron region as Glaciofluvial
outwash and ice-contact. Scanning electron microscope (SEM) images indicated that the
soil particles were sub-angular to angular. The results of X-ray diffraction analysis
revealed that the soil was composed primarily of quartz (SiO2) and carbonates in the form
of calcite (CaCO3) and dolomite (MgCa(CO3)2). Hence the soil can be categorized as a
carbonate-silica silty sand.
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The grain size distribution, shown in Figure 5-1, and index properties of the soil were
determined based on ASTM standards (ASTM, 2007; ASTM, 2010). Three different
mixtures with FC = 0%, 10% and 20% were prepared by sieving, washing and dividing
the original soil into separate ranges of particle sizes. The particles were then oven-dried
and remixed before each test to produce target gradations with different FC. Compared to
the gradation of the original sand, the mixtures gradation curves were only shifted
vertically and the original shape of the particle size distribution curve was nearly
preserved as shown in Figure 5-1.
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Figure 5-1: Particle size distribution of carbonate-silica silty sand.
The maximum void ratio was calculated using method C of ASTM D4253 (ASTM, 2000)
and minimum void ratio was determined through a moist compaction method that does
not cause particle degradation (Naghavi, et al., 2015). The results are presented in Table
5-1.
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As noted in Table 5-1, different mixtures had approximately the same specific gravity
(Gs). It is also noted that the maximum void ratio (emax) of the silty sand increased by
increasing FC, while the minimum void ratio (emin) showed the opposite trend. This is
probably due to presence of fines that helps in better arrangement of particles.
Table 5-1: Grain size characteristics and index properties of the tested silty sand
mixtures.
Soil
Description
Clean Sand
Silty Sand 10%
Boler Silty Sand
Silty Sand 20%

FC
(%)
0
10
17
20

D10
(mm)
0.14
0.08
0.04
0.04

D30
(mm)
0.25
0.21
0.15
0.14

D50
(mm)
0.42
0.31
0.28
0.25

D60
(mm)
0.54
0.42
0.34
0.32

Cu

Cc

Gs

emin

emax

3.9
5.6
8.3
8.0

0.8
1.3
1.6
1.5

2.72
2.72
2.72
2.72

0.525
0.458
0.409
0.409

0.690
0.696
0.744
0.744

Note: Cu and Cc are the coefficients of uniformity and curvature, respectively.

Atterberg limits test (ASTM, 2010) were performed on the particles passing sieve #200
and the results were used to determine the liquid limit, LL = 23.6%, plastic limit, PL =
21.1% and plasticity index, PI=2.5%. These results indicate the presence of low plasticity
fines and suggest that the mixture is non-plastic silty sand.
A computer-controlled triaxial testing apparatus (GDS ElDyn) equipped with a bender
element measurement system was used in this study. The machine is capable of
performing either displacement or load-controlled cyclic tests by applying sinusoidal load
patterns. The system can achieve a maximum cell pressure and back pressure of 1 MPa
by means of pneumatic and hydraulic controllers, respectively. Three transducers with
capacity of 1 MPa measure the cell pressure, back pressure and pore pressure. An optical
encoder on the axial electromechanical actuator provides precise measurement of axial
displacements of the order of 0.0001 mm and the maximum axial displacement in
compression is 25 mm. This system has a submersible load cell, with capacity of 4 kN
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and resolution of 1 N, to monitor the axial load. The accuracy of the measurements of the
load cell and pressure transducers is 0.1% and 0.25% of the full range, respectively. The
machine is capable of measuring low stresses of 0.1 kPa and sample volume changes of 1
mm3.
Specimens with different initial void ratios were prepared using the under-compaction
moist tamping method (Ladd, 1978). Because the test soil had carbonates, only de-aired
water (no carbon dioxide) was used for flushing the sample to remove air bubbles. This
was necessary to prevent alteration of soil mineralogy due to undesired chemical reaction
between soil elements and de-aired water and carbon dioxide (Chaney, et al., 1979; Baldi,
et al., 1988). In order to assure high degree of saturation, cell pressure and back pressure
were simultaneously increased to 710 and 700 kPa, respectively. An effective
confinement of 10 kPa was maintained during this procedure. The samples were
considered saturated when the Skempton's pore-pressure parameter reached a value of
0.97 or greater. All samples were then consolidated isotropically under different levels of
effective confining pressures. The test samples had diameter and height of 50 and 100
mm, respectively. The volume change of the test sample was monitored throughout the
test for a precise calculation of void ratio.
The effects of stress level and density on cyclic stress ratio required to trigger
liquefaction in different number of cycles were studied at constant void ratio and
confining pressure, respectively (Chapter 4). Consolidation pressures in the range of 50 to
200 kPa, representative of the normal range of in-situ soil pressure for up to 20 m of
overburden, and relative densities of 20 to 90% were studied. The reduction in cyclic
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resistance ratio of soil was observed with increasing the void ratio and effective confining
pressure.
To extend the data base to varying ranges of state parameters, further tests were
performed on samples with varying density and different levels of fines content under
effective stress level of 100 kPa assuming that the same behaviour trends with void ratio
and stress level are valid for all the void ratios and stress levels. The small strain stiffness
of the test specimens was determined through shear wave velocity measurements at the
consolidation stage.
Cyclic stress-controlled triaxial tests were performed on samples of different densities
that were isotropically consolidated under effective confining pressures of 50, 100 and
200. The cyclic load was applied at a frequency of 0.5 Hz and the cyclic stress ratio was
calculated from deviator stress as load amplitude and the mean effective stress after
consolidation, i.e.:
𝐂𝐒𝐑 =

𝐪𝐜𝐲𝐜
𝟐𝐩′𝐜

(5-1)

The results of this study are discussed in the following sections by presenting stressbased and energy-based analyses.

5.5 Liquefaction triggering curves using cyclic resistance
ratio
To develop liquefaction triggering curves, the cyclic resistance ratio of the soil was
determined as the cyclic stress ratio required to cause liquefaction in 15 cycles of uniform
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loading, equivalent to an earthquake with a magnitude of about 7.5. CRR values were
plotted versus state parameter and shear wave velocity as the initial state of the soil.

5.5.1

Relationship with state parameter

The cyclic strength of cohesionless soils depends on their density and the applied
confining pressure. These two parameters together present the soil state. It was shown in
chapter 4 that for the range of the effective confining pressure of 50 to 200 kPa in which
critical state line (CSL) may be assumed linear, the increase in stress level or void ratio
decreased liquefaction resistance. This could be associated with increasing state
parameter and higher contractive capacity of soil. The addition of fines content also
reduced the cyclic resistance by changing CSL and subsequently locating specimen in the
contractive side of the CSL. Samples at larger state parameters were found to be more
susceptible to liquefaction considering their contraction capacity and brittleness.
Triaxial testing results were analyzed in the critical state framework, and CRR was
plotted versus the soil state parameter. Figure 5-2 shows the dependency of CRR on the
state parameter for the samples of this study. It is observed in Figure 5-2 that silty sands
follow a similar trend which is different than that for clean sand. It can be observed that
CRR decreases by increasing the state parameter.
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Figure 5-2: Variations of CRR with state parameter for mixtures with different
FCs.
As can be seen in Figure 5-2, the states of clean sands are more in the dilative side (i.e.,
negative state parameter) and those of silty sands are more towards the contractive sides
(i.e., positive state parameter). Considering the limiting densities and extreme void ratios
along with the critical state parameters, each soil can reach a limited range of states under
specific effective confining pressures as presented in Table 5-2. So, the comparison and
evaluation of the cyclic behaviour should be performed in a reasonable range of state
parameter for each mixture. It is observed that for the same state parameter, increasing
FC increased the soil resistance to liquefaction. This may be attributed to the difference
between the highest and lowest state parameter under each effective confining pressure
and steeper CSL of silty sands. The mixtures of higher fines content had a wider range of
void ratios and states as shown in Table 5-2. These mixtures also had steeper CSLs.
Under the range of effective confining pressures between 50 to 200 kPa, it was assumed
that CSL is linear and there is no significant grain crushing that could change the extreme
void ratio and affect the limits.
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Table 5-2: Extreme void ratio, limiting state parameters and critical state
parameters of carbonate-silica clean and silty sands.
p'c = 50 kPa

p'c =100 kPa

p'c =200 kPa

Soil Name

emax

emin

clean sand

0.690

0.525


0.697


0.010

max
0.032

min
-0.133

max
0.039

min
-0.126

max
0.046

min
-0.119

silty sand 10%

0.696

0.458

0.651

0.028

0.155

-0.083

0.174

-0.064

0.193

-0.045

silty sand 20%

0.744

0.409

0.664

0.039

0.233

-0.102

0.260

-0.075

0.287

-0.048

The results obtained in this study were compared with the results obtained by several
other studies (Papadopoulos & Tika, 2008; Stamatopoulos, 2010; Yang & Sze, 2011)
from undrained cyclic triaxial tests on isotropically consolidated samples of silica soils
with similar levels of fines contents. Papadopoulou and Tika (2008) examined the cyclic
behavior of natural (Duzce) and artificial (SF) silty sand mixtures with FC = 15 and 25%
in strain-controlled tests. Stamatopoulos (2010) investigated the cyclic response of clean
quartz sand mixed with non-plastic FC = 0, 15 and 25% in strain-controlled tests. Yang
and Sze (2011) studied the cyclic resistance of Toyoura sand in stress-controlled tests.
The results from these studies are summarized in Figure 5-3. The results presented in
Figure 5-3 exhibit cyclic behaviour similar to that observed in the current study. Samples
of large positive state parameters had similar behaviours and resistance under cyclic
loading, i.e., CRR increased as the state parameter decreased, and varied significantly for
samples with negative state parameter.
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Figure 5-3: Variations of CRR with state parameter from previous research and
current study.
In order to establish general correlations between CRR and state parameter, the results
obtained from the current research are combined with those obtained from previous
studies. These results are sorted based on FC and they are plotted in Figure 5-4. As
shown in Figure 5-4, a curve is fitted to each group of data.
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Figure 5-4: General curves for changes of CRR with state parameter in mixtures
with different FCs.
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The relationship between CRR and state parameter obtained from curve fitting the
combined data sets can be proposed as:
𝐂𝐑𝐑 𝐭𝐱 = (𝟎. 𝟏𝟔𝟑𝟑 + 𝟎. 𝟎𝟎𝟐𝐅𝐂) × 𝐞(𝟎.𝟎𝟔𝟎𝟓𝐅𝐂−𝟓.𝟓𝟐𝟏𝟕)𝛙 , 𝐑𝟐 = 𝟎. 𝟗𝟎

(5-2)

The trends shown in Figure 5-4 are close for different levels of FCs and a general
correlation can be established that relates CRR to the sample’s state parameter
independent of its FC. Figure 5-5 presents such relationship.
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Expon. (Previous studies)

CRRtx

0.4
CRRtx = 0.19e-4.64
R² = 0.89
0.2

0
-0.2

-0.1

0


0.1

0.2

Figure 5-5: General correlation between CRR and ψ regardless of fines content.
It is observed in Figure 5-5 that the variation of CRR is less dependent on  as the value
of increased. CRR nearly reaches an asymptote for loose samples with state parameters
larger than 0.1. This is because the samples at these loose states are collapsible and could
liquefy under a low level of disturbance. It could be interpreted that the collapse of a
loose structure under cyclic loading is simple, whereas rearrangement and degradation of
particles in denser samples needs more effort and stronger disturbance.
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Jafarian et al. (2010) reported CRR from triaxial tests data reported in the literature (Vaid
& Sivathayalan, 1996; Amini & Qi, 2000; Carraro, et al., 2003; Huang, et al., 2004;
Kanagalingam, 2006; Zhou & Chen, 2007) as a function of the relative state parameter
index (R) (Bolton, 1986; Boulanger, 2003). R is the normalized state parameter with
respect to emax-emin and used as a representative of initial state of soil. They obtained a
relationship from curve fitting the collected database and reported that CRR changes
significantly with variation of R for samples with negative R and the rate of change
becomes smaller in samples with positive R.

5.5.2

Relationship with shear wave velocity

In Chapter 3, it was discussed that shear wave velocity can represent the soil state.
Correlations between state parameter and shear wave velocity were also reported.
The seismic resistance of soil to liquefaction can be related to its shear wave velocity.
Using measured Vs from bender element tests, liquefaction triggering curves were
determined by plotting the cyclic resistance ratios against the normalized shear wave
velocities (Vs1) as a parameter characterizing the soil initial state. Shear wave velocity is
commonly normalized with respect to a reference pressure of 100 kPa and Vs1 is defined
as below:
𝟏𝟎𝟎 𝐧

𝐕𝐬𝟏 = 𝐕𝐬 ( 𝐩′ )
𝐜

(5-3)

In this study, the power, n, is approximately the same for samples of different void ratios
but is different for clean sand and silty sand; n=0.33 for clean sand and 0.3 for silty sand.
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Figure 5-6 shows variations of CRR versus Vs1. The soil cyclic resistance depends on FC.
Thus, three curves are fitted to the data for each level of FC as shown in Figure 5-6.
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R² = 0.89
FC=0%
FC=10%
FC=20%

0.10
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100
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Vs1 (m/s)
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Figure 5-6: Variation of CRR versus Vs1 from cyclic triaxial tests.
At constant values of Vs1, samples with higher FC are found to be more resistant to
liquefaction. This observation is similar to observations made from Figure 5-2 and 5-4.
Based on the comparison of field case histories and laboratory data, cyclic resistance in
field condition could be approximately estimated from laboratory triaxial tests as below:
𝐂𝐑𝐑 𝐟𝐢𝐞𝐥𝐝 = 𝟎. 𝟗𝐂𝐫 𝐂𝐑𝐑 𝐭𝐫𝐢𝐚𝐱𝐢𝐚𝐥
𝐂𝐫 =

(𝟏+𝐊 𝟎 )
𝟐

(5-4)
(5-5)

𝐊 𝟎 = 𝟎. 𝟓 → 𝑪𝒓 = 𝟎. 𝟕𝟓
Seed et al (1978) proposed the reduction factor of 0.9 in Equation 5-3 to consider the
greater generation of pore water pressure in filed condition due to multi-directional
loading and Finn et al (1971) defined Cr to consider the anisotropic consolidation at field.
Assuming a magnitude 7.5 for the input earthquake, CRRfield-Vs1 curves are determined
and compared with data obtained from previous studies (Robertson, et al., 1992; Andrus
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& Stokoe, 2000; Zhou & Chen, 2007; Kayen, et al., 2013). Utilizing probabilistic and
deterministic analyses, soil liquefaction assessment has been conducted for more than
400 liquefaction case histories around the world and their Vs measurements (Kayen, et
al., 2013). Based on these analyses, Kayen et al. (2013) proposed a new probabilistic
triggering curve. Figure 5-7 compares the results obtained from the current study with
those obtained from other studies along with the triggering curves proposed by Kayen et
al. (2013). Figure 5-7 shows that the trends developed in the current research fall on the
right side of the field-based curves from past studies. This could be attributed to the
different gradation of soil and its diverse particle sizes and shapes as well as nature of the
fines in this study. Carbonate-silica fines particles of this study have low plasticity. The
other possible reason for lower liquefaction triggering curves could be aging, cementation
and prior shaking history in in-situ soils.
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Zhou and Chen (2007)
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TC FC=10%
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Figure 5-7: Plot of cyclic resistance in field condition varying with Vs1.
This observation suggests that the correlations of CRR and Vs1 are soil specific and it
may not be appropriate to use one set of the curves for all soils with different gradations,
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shapes and mineralogy. Similar behaviours were made by Brandes (2011), Dobling
(2013) and Velez (2014) for uncemented calcareous sands.
Zhou et al. (2010) studied the reliability of the CRR-Vs1 correlations by comparing the
results of the cyclic triaxial tests along with Vs measurements using bender element tests
and dynamic centrifuge tests on silica sand. They demonstrated that the derived semiempirical CRR-Vs1 curve could accurately classify the (CRR, Vs1) database produced by
dynamic centrifuge test on the same sand. The soil CRR was significantly under- or
overestimated if other existing correlations were used. Their study suggested that CRRVs1 curve for liquefaction evaluation is soil-type dependent. Therefore, developing a sitespecific liquefaction resistance curve from laboratory cyclic tests is necessary for
engineering practice.

5.6 Liquefaction triggering curves using energy capacity
The dissipated energy per unit volume (Wd) of soil is calculated for each stress-strain
cycle from the area enclosed by the hysteresis loops. Figure 5-8 shows typical hysteresis
loops obtained from the current stress-controlled tests. It can be noted from Figure 5-8
that the loops deformed with strain progression. Thus, accumulated area of the loops
from different cycles up to the onset of liquefaction represents the soil capacity to failure.
If the demand energy from dynamic sources such as earthquake is higher than the soil
energy capacity, the soil performance would become unacceptable due to failure in
bearing loads in serviceability limit state (i.e., due to cyclic mobility) or complete
collapse (i.e., flow liquefaction).

234

60
(a) 1st Cycle
40

q (kPa)

20
Wd
0
-20

Geq
1

-40
-60
-0.1

-0.05

0
a (%)

0.05

0.1

60
(b) 7st Cycle
40

q (kPa)

20
Wd
0
Geq

-20
1
-40
-60
-0.6

-0.4

-0.2

0
a (%)

0.2

0.4

0.6

Figure 5-8: Typical hysteresis loops from progressed cycles of cyclic triaxial tests of
this study.
Different expressions are proposed to calculate the soil energy capacity based on
laboratory element tests (Figueroa, et al., 1994; Liang, 1995) and laboratory physical
model tests (Dief & Figueroa, 2001). Cyclic triaxial, torsional, simple shear and
centrifuge tests have been used in the previous studies to establish soil energy capacity,
which can be used for energy-based liquefaction assessment.
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5.6.1

Relationship with state parameter

Most available expressions of soil energy capacity are formulated as a function of applied
confining pressure (p'c) and soil relative density (Dr). Baziar and Jafarian (2007)
proposed expressions for soil energy capacity as a function of p'c, Dr, FC, Cu and D50
based on evaluating a large database collected from the literature. It should be noted that
FC alone might not be a good measure to characterize the effects of sample plasticity due
to the existence of different mineralogy. Fine material with a low plasticity can have a
higher compressibility compared to the mixtures with non-plastic fines. Higher
compressibility increases the risk of flow liquefaction and decreases the required energy
for liquefaction. p'c and Dr together present the soil state and state parameter could also
show the effect of fines material as it relates to soil compressibility. In this study,
dissipated energy per unit volume is normalized with respect to mean effective stress and
plotted versus the soil state parameter and the results are presented in Figure 5-9. By
curve fitting the results in Figure 5-9, the following correlation can be derived for the
normalized energy capacity (WN) of the soil as a function of the state parameter and FC:
𝐅𝐂

𝐅𝐂

𝐖𝐍 = 𝟎. 𝟎𝟎𝟐𝟑 × (𝟏 + 𝟏𝟎) × 𝐞( 𝟓 −𝟏𝟔)𝛙 , 𝐑𝟐 = 𝟎. 𝟗𝟎

(5-6)

The samples with large positive state parameters (i.e., very loose structure) were
susceptible to flow liquefaction and liquefied with a low level of energy, whereas the
samples with negative state parameters were not susceptible to flow liquefaction and
dissipated higher levels of energy before experiencing cyclic mobility or liquefaction.
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Figure 5-9: Plot of normalized energy capacity vs. state parameter.

5.6.2

Relationship with shear wave velocity

In this section, liquefaction potential is assessed using energy and shear wave velocity.
The dissipated energy required to trigger liquefaction is normalized with mean effective
pressure and is plotted versus normalized shear wave velocity in Figure 5-10. WN
increases by increase in Vs1 and for any particular Vs1 samples of higher fines content
required greater energy to liquefy than samples with lower fines content.
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Figure 5-10: Plot of normalized energy capacity versus Vs1.
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Green (2001) developed energy-based liquefaction triggering curves in terms of clean
sand equivalent SPT blow count (N60-cs) and site response analyses of 126 liquefaction
case histories (Seed, et al., 1984; Liao & Whitman, 1986; Ambraseys, 1988; Fear &
McRoberts, 1995). The obtained curves show the boundary between cases that
experienced liquefaction and the cases that did not. This boundary is formulated as
below:
𝐍𝐄𝐂 = 𝟏. 𝟏𝟗𝟓 × 𝟏𝟎−𝟒 𝐞𝟎.𝟏𝟖𝟓𝐍𝟏,𝟔𝟎−𝐜𝐬

𝟑 ≤ 𝐍𝟏,𝟔𝟎−𝐜𝐬 ≤ 𝟐𝟕

(5-7)

where, NEC is normalized energy capacity, and N1,60-cs is the normalized SPT blow count
for clean sands as per NCEER (1997) recommendations.
In order to facilitate the comparison between the energy capacities obtained by Green
(2011) with those obtained in the current study, the SPT blow count values were
converted to their equivalent Vs values.
Hussien and Karray (2016) recommended that the relationship between the shear wave
velocity and the penetration resistance should account for the effect of mean particle size
(D50). The following correlations show the upper and lower bounds for normalized values
of shear wave velocity as a function of normalized penetration resistance by Hussien and
Karray (2016):
𝐕𝐬𝟏−𝐦𝐚𝐱 = 𝟏𝟏𝟖(𝐍𝟏,𝟔𝟎 )𝟎.𝟐𝟓 (𝐃𝟓𝟎 )𝟎.𝟏𝟖

(5-8)

𝐕𝐬𝟏−𝐦𝐢𝐧 = 𝟏𝟎𝟒. 𝟓(𝐍𝟏,𝟔𝟎 )𝟎.𝟐𝟓 (𝐃𝟓𝟎 )𝟎.𝟏𝟔𝟐𝟓

(5-9)

The average of the above equations was used in this study to calculate the corresponding
Vs1 and a comparison of the results are presented herein. Most of the tests in this study
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were performed at 100 kPa of effective confining pressure, therefore the stress and
energy corrected blow count N1,60 is equal to SPT energy-corrected blow count, N60.
The influence of fines content is then considered by (NCEER, 1997):
𝐍𝟏,𝟔𝟎−𝐜𝐬 = 𝛂 + 𝛃𝐍𝟏,𝟔𝟎

(5-10)

where, for 𝐹𝐶 ≤ 5%: 𝛼 = 0 and 𝛽 = 1, and for 5 < 𝐹𝐶 < 35%: 𝛼 = 𝑒

(1.76−

190
)
𝐹𝐶2

and

𝐹𝐶 1.5

𝛽 = 0.99 + 1000 .
The curves of the normalized energy capacity (NEC) based on Green (2001) are
compared in Figure 5-11 with the results obtained in the current study. The zones of
liquefaction and no-liquefaction are marked in Figure 5-11.
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Figure 5-11: Comparison of the variations of WN with Vs1 from this study and
Green (2001).
For clean and silty sands, it is observed that at values of Vs1 less than 150 m/sec the
triggering curves obtained from laboratory data merge with those estimated from site
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response analyses of case histories (i.e., NEC based on Green 2001). For Vs1 higher than
150 m/s, the results obtained in the current study are located on the right side of the NEC
based on Green (2001). This indicates that the moist tamped laboratory samples would
have a greater liquefaction potential than the in-situ soil. This could be related to the
aging and cementation of in-situ soil deposits. This suggests that the triggering curves
developed from laboratory data might be more conservative for liquefaction assessment
than those estimated based on site response analyses of case histories.
Available case history database indicates that liquefaction occurs primarily in natural
deposits having depths shallower than 10 to 15 m (Boulanger, 2003; Idriss & Boulanger,
2008). This reflects the higher liquefaction resistance of deeper soils that might be older,
and greater earthquake-induced cyclic shear stress ratio or demand energy within the
shallower depths as a result of any possible amplification.
Due to the scarcity of case histories of liquefaction occurring at large depths or under
high effective overburden pressures, the semi-empirical liquefaction analysis methods
must be used by exercising engineering judgement for such conditions (Boulanger,
2003). Laboratory test results might be applicable to the new man made fills and earth
structures that have no aging or stress history. Although the proposed curves show the
relationship between CRR and WN with soil’s fundamental parameters ( and Vs1),
extrapolation for higher effective confining pressures should be done with caution
considering different aspects of the problem and design process.
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5.7 Summary and conclusions
The variations of soil cyclic resistance and energy capacity of carbonate-silica silty sand
with shear wave velocity and state parameter were investigated for isotropically
consolidated samples that were sheared in cyclic triaxial tests. Liquefaction triggering
curves were developed by relating soil cyclic resistance and energy capacity to the soil
initial parameters (i.e., state parameter and normalized shear wave velocity).
The results of the current study demonstrated that the cyclic resistance of carbonate-silica
silty sands decreases with increasing the state parameter and becomes less dependent on
the soil state at large state parameters. The soil CRR increases with increase in shear
wave velocity but lower resistance to liquefaction was observed for the carbonate-silica
silty sands tested in this study in comparison with the results reported by previous
researchers for other types of sand.
The results showed that the samples with large positive state parameter (i.e., very loose
structure) were susceptible to flow liquefaction and liquefied with a low level of energy,
whereas the samples with negative state parameters were not susceptible to flow
liquefaction and dissipated higher levels of energy before experiencing cyclic mobility or
liquefaction. Some trends were proposed for the variation of normalized energy capacity
with the soil’s state.
For clean and silty sands, it was observed that for Vs1 < 150 m/s, the triggering curves
obtained from laboratory data merge with those estimated from site response analyses of
case histories. For Vs1 >150 m/s, the results obtained in the current study were located on
the right side of those estimated from site response analyses of case histories. This
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indicates that the moist tamped laboratory samples would exhibit a greater liquefaction
potential than the in-situ soil, possibly due to aging and cementation of the in-situ soil
deposits. This suggests that the triggering curves developed from laboratory data might
be more conservative for liquefaction assessment than those estimated based on site
response analyses of case histories.
Energy capacity and cyclic resistance are related to the two fundamental parameters of
soil (i.e., shear wave velocity and state parameter). Therefore, preliminary assessment
and evaluation of liquefaction potential of carbonate-silica silty sands can be performed
by measuring shear wave velocity and estimating the soil state using the proposed
correlations. However, it should be noted that the effects of aging, overconsolidation,
field boundary conditions and mode of shear were not considered in developing these
correlations and further research should be undertaken to account for these effects.
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Chapter 6
Summary and conclusions

6

The main objective of this thesis is to evaluate the liquefaction potential of carbonatesilica silty sands using energy, state parameter and shear wave velocity. The behaviour of
carbonate-silica silty sands was studied through a series of monotonic and cyclic triaxial
tests along with the measurements of shear wave velocity using bender element testing.
The results were analyzed in the critical state framework and correlations were proposed
to estimate soil state parameter from shear wave velocity. The soil susceptibility to flow
liquefaction and cyclic mobility were discussed considering soil composition and state. In
addition, the dynamic soil properties were determined and discussed. Liquefaction
triggering curves were developed and compared with previous studies. Conclusions
drawn from different sections of this research are summarized as follows:
Chapter 2: This study was aimed at expanding knowledge on naturally occurring silty
sands of different mineralogy. Based on the obtained results from monotonic
compression tests the following conclusions are drawn:


Shearing response of well-graded silty sand samples is influenced by the presence
of low plastic carbonate-silica fines; the samples become liquefiable even with
fines content lower than the ‘‘limit silt content’’.



At constant effective confining pressure and void ratio, addition of up to 20%
carbonate-silica fines in silty sand mixtures increases soil contraction capacity and
eases development of excess pore water pressure and liquefaction. This results in
a lower static liquefaction resistance and a higher brittleness index.
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Depending on the type of fines, post peak strength reduction can be observed in
silty sands even at high densities. Presence of low plasticity carbonate-silica fines
in the specimens of higher relative density, e.g., 60%, supresses their dilative
behaviour and results in general contraction and post peak strength reduction
under 150 and 200 kPa confining pressure.



Specimens with high relative densities tend to dilate at the beginning of shearing
but as axial strain increases, dilation tendency changes to contraction due to
increase in pore water pressure. These specimens exhibited this behaviour at small
strains (2 to 3%), and did not reach steady state up to 24% axial strain.



Quasi steady-state behaviour can be categorized as clean sands behaviour as it
was only observed in clean sand and not for silty sand under the confining
pressures and strain ranges applied in this study.



Dilation tendency increases with confining pressure in clean sand specimens.



Strain softening potential of silty sand samples with 10% fines content increases
under confining pressure of up to 200 kPa, and decreases after this level. As fines
content increases, the effect of confining pressure becomes less pronounced in
reducing contraction and liquefaction potential. Mixtures with 20% fines are more
brittle at higher confining pressures.



Reduced liquefaction potential and increased dilation are observed when lowplastic carbonate-silica fines are substituted with non-plastic silica fines in the
mixture. Lower compressibility and more angular shapes of non-plastic fines
might have contributed to dilation.
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Fines of low plasticity can absorb some water and make the rearrangement of soil
grains easier by lubricating periphery of larger grains. On the other hand, mixtures
with higher plasticity fines were reported in the literature to have low liquefaction
susceptibility. The higher capacity of these types of fines in absorbing water and
preventing pore pressure development might explain reduction in liquefaction
potential. This comparison shows the effect of the nature of fines on the soil
matrix behaviour is significant.



Different types of clean sands show similar behaviours under monotonic tests,
whereas silty sands behave differently depending on the amount and type of
material. Thus, categorizing silty sand behaviour in undrained shearing needs a
more detailed and careful assessment considering the mineralogy and plasticity of
fines.



This study indicates that depending on the void ratio and stress level, post peak
strength reduction can be observed and static liquefaction may be triggered in
medium-dense silty sand with low plasticity carbonate-silica fines, and
recommends considering these soils as susceptible to static liquefaction.



Well-graded silty sand samples did not have a clear and distinct shear plane
compared to the samples of the same density and under the same stress made from
uniformly-graded sand. More general or bulk deformation occurred and the
deformation was more ductile in the tested well-graded silty sands, while the
failure occurred in a specific shear plane or shear surface in uniform sands.



Crushing is reported to affect the behaviour of carbonate soil, and carbonates are
present in the soil of this study. However, the observed behaviour could not be
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related to the crushing, because of the low level of crushing and the presence of
low plastic fines which influences the response.


Soil was collected from surficial layers and samples are reconstituted, so the
effect of stress history and aging that influence soil behaviour are not considered
in this work and the outcome of this study can have potential implication for
liquefaction assessment of new man-made structures, hydraulic fills, submarine
slopes and earth dams.

Chapter 3: Monotonic drained and undrained triaxial compression tests were conducted
on carbonate-silica silty sand mixtures with different levels of fines content in order to
identify their critical state line and corresponding state parameter. In addition, the shear
wave velocity of the test specimens was measured during consolidation using bender
elements. The shear wave velocity measurements were conducted at each consolidation
stage to determine the soil initial state. The measured shear wave velocity was related to
the effective confining pressure and void ratio and accordingly an equation was derived,
which can be used to predict shear wave velocity of carbonate-silica silty sands under
different levels of confining pressure. Based on the obtained results, the following
observations can be made:


The critical state parameters for each mixture were determined assuming a unique
critical state line by fitting a semi logarithmic curve to the data of void ratio and
effective confining pressure at critical state. The critical state lines were not
parallel and their slopes were affected by fines content.



The shear wave velocity and CSL parameters are influenced by soil
compressibility. Thus, a general expression was derived which correlates shear
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wave velocity and state parameter for carbonate-silica silty sand mixtures. This
expression can be used as a practical tool to predict the state of soil for carbonatesilica silty sands.


Equations are provided to predict peak and critical (residual) strengths, and
brittleness index for carbonate-silica sands using Vs measurements and its
correlations with .

Further field and laboratory tests are required to validate and improve the relationships
proposed in the current study, and extend their applicability to other types of sand, range
of void ratio and effective confining pressure outside the ranges considered herein.
Chapter 4: A series of stress-controlled cyclic triaxial tests were carried out to study the
behaviour and dynamic properties of carbonate-silica silty sand mixtures. The samples
were isotropically consolidated under undrained conditions. The effect of three levels of
fines content, i.e., 0, 10 and 20%, was studied. From the results of this chapter, the
following conclusions are drawn:


The initial state of soil and cyclic load amplitudes determine the form of
liquefaction and cyclic undrained shear strength. Therefore, the accurate
determination of initial overburden pressures and surcharge loads from foundation
and superstructure along with the correct interpretation of cyclic shear stresses is
necessary for liquefaction assessment.



Silty sands are contractive and brittle in a wide range of densities. Thus, they are
more susceptible to flow liquefaction than cyclic mobility. In clean sand samples,
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dilative behaviour is more prevalent in most densities, and these mixtures are
more susceptible to cyclic mobility.


The sudden development of excess pore-water pressure and flow liquefaction
govern the failure of silty sands, whereas the gradual development of excess porewater pressure, cyclic mobility and cumulative development of strain govern the
failure of clean sands.



Under constant effective pressures, the loose samples of clean and silty sands
failed in a flow deformation event. The medium-dense and dense samples of clean
sand developed a significant and more frequent cyclic mobility than flow
liquefaction. However, the silty sand samples experienced flow liquefaction more
frequently at higher densities. This difference is related to the more dilative nature
of clean sand samples under a wider range of densities compared to silty sand
samples that are contractive in a wider range.



Flow liquefaction was observed in the cyclic shearing of the very loose samples
of clean and silty sands. In these samples, flow liquefaction was triggered under
cyclic loading when the stress path reached FLS from monotonic tests. This
usually occurred at axial strains smaller than 1%, and pore pressure ratios of
larger than 0.8 and smaller than 1. Sudden failures and large deformations are the
consequences of flow liquefaction.



Larger cumulative strains were recorded in clean sand samples sheared under low
effective confining pressures. This shows the possibility of gap development at
shallow depths, and also results in having stress paths being asymmetric about the
axis separating the compression and extension sides.
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Keeping all other parameters constant, the number of cycles to liquefaction
decreases by increasing fines content, effective confining pressure and cyclic
stress ratio, and by decreasing relative density.



For very loose samples (i.e., those with large positive state parameters) changes in
density, stress level and cyclic stress ratio does not significantly affect their
liquefaction resistance.



The variation of small strain stiffness with depth depends on the void ratio and the
level of fines content. Stiffness decreases by the increase in void ratio and fines
content.



Dynamic soil properties were determined at small and large strains. Decrease in
stiffness and increase in damping by strain progression was observed. Some
specimens showed decrease in damping at large strains which was associated with
drastically deformed loops at large strains due to the occurrence of flow
liquefaction or cyclic mobility.



It is suggested to ignore the reduced damping at large strains for the samples that
experience flow liquefaction. This is because the collapse has already been
initiated in these specimens at shear strains smaller than 1%, and damping ratio is
meaningless after this incident. The reduced damping observed in the specimens
that experienced cyclic mobility, should be used in analyses with caution,
considering the sample loses its acceptable performance at large strain levels due
to significant decay in stiffness and drastically deformed loops at large strains.



It is important to note that the classification of liquefaction and its consequences
such as large deformations is only for the behaviour of the material element and
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do not necessarily represent the global behaviour of an earth structure. This is
because the soil behaviour in field depends on many other factors such as
geometry of the site, initial driving shear stresses, aging, partial drainage,
different boundary conditions, and stress history.
Chapter 5: The variations of soil cyclic resistance and energy capacity of carbonate-silica
silty sand with shear wave velocity and state parameter were investigated for isotropically
consolidated samples sheared in cyclic triaxial tests. Liquefaction triggering curves were
developed by relating soil cyclic resistance and energy capacity to the soil initial
parameters (i.e., state parameter and normalized shear wave velocity). The results of this
chapter demonstrated that:


The cyclic resistance of carbonate-silica silty sands decreases with increasing the
state parameter and becomes less dependent on the soil state at large state
parameters. The soil CRR increases with increase in shear wave velocity but
lower resistance to liquefaction was observed for the carbonate-silica silty sands
tested in this study in comparison with the results reported by previous
researchers for other types of sand.



The results showed that the samples with large positive state parameter (i.e. very
loose structure) were susceptible to flow liquefaction and liquefied with a low
level of energy, whereas the samples with negative state parameters were not
susceptible to flow liquefaction and dissipated higher levels of energy before
experiencing cyclic mobility or liquefaction. Some trends were proposed for the
variation of normalized energy capacity with the soil’s state.
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For clean and silty sands, it was observed that for Vs1 < 150 m/sec, the triggering
curves obtained from laboratory data merge with those estimated from site
response analyses of case histories. For Vs1 >150 m/s, the results obtained in the
current study were located on the right side of those estimated from site response
analyses of case histories. This indicates that the moist tamped laboratory samples
would exhibit a greater liquefaction potential than the in-situ soil, possibly due to
aging and cementation of the in-situ soil deposits. This suggests that the triggering
curves developed from laboratory data might be more conservative for
liquefaction assessment than those estimated based on site response analyses of
case histories.

Energy capacity and cyclic resistance are related to the two fundamental parameters of
soil (i.e., shear wave velocity and state parameter). Therefore, preliminary assessment
and evaluation of liquefaction potential of carbonate-silica silty sands can be performed
by measuring shear wave velocity and estimating the soil state using the proposed
correlations. However, it should be noted that the effects of aging, overconsolidation,
field boundary conditions and mode of shear were not considered in developing these
correlations and further research should be undertaken to account for these effects.

Recommendations for future work
The results of the present study revealed important aspects of the behaviour of carbonatesilica silty sands under monotonic and cyclic loading in triaxial tests. Shear wave velocity
measurements were used to estimate soil initial states, which could be helpful in
predicting the soil behaviour at large strains and liquefaction susceptibility. Liquefaction
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triggering curves, relating cyclic resistance of soil and energy capacity to state parameter
and shear wave velocity, were developed from the laboratory experiments. To further
evaluate the proposed method and correlations, it is recommended to conduct the
following studies:


Perform tests on samples that are consolidated under higher overburden stress
levels



Evaluate the effect of anisotropic consolidation on the soil behaviour and the
developed correlations



Investigate other modes of shearing in other types of soil element testing



Examine the effect of higher levels of crushing on the soil behaviour by shearing
specimens consolidated under higher levels of confining pressure



Conduct experiments on samples with higher levels of fines content



Explore the effect of gradual cementation on the state parameter and soil
behaviour
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Appendix A
This appendix summarizes the results of the monotonic tests performed on three different
soil mixtures with FC= 0, 10 and 20%.

Figure A- 1: CD shearing test results of sample FC0BS17

Figure A- 2: CU shearing test results of sample FC0BS4

Figure A- 3: CU shearing test results of sample FC0BS10
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Figure A- 4: CU shearing test results of sample FC0BS1

Figure A- 5: CU shearing test results of sample FC0BS13

Figure A- 6: CU shearing test results of sample FC0BS24

275

Figure A- 7: CU shearing test results of sample FC0BS25

Figure A- 8: CU shearing test results of sample FC0BS15

Figure A- 9: CD shearing test results of sample FC10BS27
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Figure A- 10: CU shearing test results of sample FC10BS25

Figure A- 11: CU shearing test results of sample FC10BS7

Figure A- 12: CU shearing test results of sample FC10BS26
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Figure A- 13: CU shearing test results of sample FC10BS17

Figure A- 14: CU shearing test results of sample FC10BS21

Figure A- 15: CU shearing test results of sample FC10BS19
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Figure A- 16: CU shearing test results of sample FC10BS22

Figure A- 17: CD shearing test results of sample FC20BS9

Figure A- 18: CU shearing test results of sample FC20BS4

279

Figure A- 19: CU shearing test results of sample FC20BS21

Figure A- 20: CU shearing test results of sample FC20BS20

Figure A- 21: CU shearing test results of sample FC20BS23
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Figure A- 22: CU shearing test results of sample FC20BS7

Figure A- 23: CU shearing test results of sample FC20BS18

Figure A- 24: CU shearing test results of sample FC20BS26
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Appendix B
This appendix summarizes the methodology used in this research for interpretation of
bender element tests results. The output data of the bender element testing were analysed
in GDS BEAT software (GDS Instruments, 2014). As discussed in chapter 3, the visually
picked first arrival times were used to calculate shear wave velocities by dividing the
distance between tips of the bender elements as travel distance by the arrival time. Travel
distance is equal to height of the sample minus bender elements heights.
In this study wave periods of 0.1, 0.2, 0.3, 0.5, 0.7 and 1 mSec were used for input signal.
These periods correspond to frequency ranges of 10, 5, 3.33, 2, 1.43 and 1 kHz. To
reduce the near field effect in the output signal, the period of the input wave was adjusted
to satisfy a travel distance to wave length (L/) between 2 to 9. To be consistent in
interpretation of the results, first arrival of the shear wave is considered as the first bump
maximum. It is observed that first bump maximum is approximately the same for all the
waves with different frequencies. For the waves having enough number of wave length
passing through the height of the sample (i.e., signals which satisfies L/ between 2 to 9)
this point matches well with the zero crossing point. However, for Vs measurements with
L/ out of the range of 2 and 9, the first bump maximum is equivalent to the zero
crossing point of the waves with frequency in that range.
The relationship between frequency of input signal and the near field effect on the
interpretation of shear wave velocities for samples with different relative densities or
under different levels of effective confining can be summarized in the following points:
•
For small values of shear wave velocity (loose samples or samples under low
confining pressure), first bump maximum of the output waves with frequencies of 1 or
0.7 msec gives reasonable results.
•
For medium values of shear wave velocity (medium-dense samples or samples
under medium confining pressure), first bump maximum of the output waves with
frequencies of 0.5 or 0.3 msec gives reasonable results.
•
For large values of shear wave velocity (dense samples or samples under high
confining pressure), first bump maximum of the output waves with frequencies of 0.2 or
0.1 msec gives reasonable results.
Sample of the results for three different soil mixtures with FC=0, 10 and 20% are
presented in the following figures.
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First Arrival

Figure B- 1: Electrical wave signals captured by the bender element in silty sand
specimen with FC=0% and Dr= 30% under p'c = 100 kPa
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First Arrival

Figure B- 2: Electrical wave signals captured by the bender element in silty sand
specimen with FC=10% and Dr= 30% under p'c = 100 kPa
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First Arrival

Figure B- 3: Electrical wave signals captured by the bender element in silty sand
specimen with FC=20% and Dr= 30% under p'c = 100 kPa
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Appendix C
This appendix summarizes the results of the monotonic tests performed on three different
soil mixtures with FC= 0, 10 and 20%.

Figure C- 1: Cyclic shearing test results of sample FC0BCy27

Figure C- 2: Cyclic shearing test results of sample FC0BCy23

Figure C- 3: Cyclic shearing test results of sample FC0BCy25
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Figure C- 4: Cyclic shearing test results of sample FC0BCy54

Figure C- 5: Cyclic shearing test results of sample FC0BCy50

Figure C- 6: Cyclic shearing test results of sample FC0BCy53
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Figure C- 7: Cyclic shearing test results of sample FC0BCy58

Figure C- 8: Cyclic shearing test results of sample FC0BCy24

Figure C- 9: Cyclic shearing test results of sample FC0BCy28
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Figure C- 10: Cyclic shearing test results of sample FC0BCy32

Figure C- 11: Cyclic shearing test results of sample FC0BCy31

Figure C- 12: Cyclic shearing test results of sample FC0BCy33
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Figure C- 13: Cyclic shearing test results of sample FC0BCy45

Figure C- 14: Cyclic shearing test results of sample FC0BCy46

Figure C- 15: Cyclic shearing test results of sample FC0BCy47

290

Figure C- 16: Cyclic shearing test results of sample FC0BCy48

Figure C- 17: Cyclic shearing test results of sample FC10BCy11

Figure C- 18: Cyclic shearing test results of sample FC10BCy14
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Figure C- 19: Cyclic shearing test results of sample FC10BCy011

Figure C- 20: Cyclic shearing test results of sample FC10BCy013

Figure C- 21: Cyclic shearing test results of sample FC10BCy01
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Figure C- 22: Cyclic shearing test results of sample FC10BCy02

Figure C- 23: Cyclic shearing test results of sample FC10BCy018

Figure C- 24: Cyclic shearing test results of sample FC10BCy1
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Figure C- 25: Cyclic shearing test results of sample FC10BCy6

Figure C- 26: Cyclic shearing test results of sample FC10BCy021

Figure C- 27: Cyclic shearing test results of sample FC10BCy022

294

Figure C- 28: Cyclic shearing test results of sample FC10BCy7

Figure C- 29: Cyclic shearing test results of sample FC10BCy16

Figure C- 30: Cyclic shearing test results of sample FC10BCy8
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Figure C- 31: Cyclic shearing test results of sample FC10BCy9

Figure C- 32: Cyclic shearing test results of sample FC10BCy020

Figure C- 33: Cyclic shearing test results of sample FC10BCy04
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Figure C- 34: Cyclic shearing test results of sample FC10BCy50

Figure C- 35: Cyclic shearing test results of sample FC10BCy37

Figure C- 36: Cyclic shearing test results of sample FC10BCy20
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Figure C- 37: Cyclic shearing test results of sample FC10BCy30

Figure C- 38: Cyclic shearing test results of sample FC10BCy31

Figure C- 39: Cyclic shearing test results of sample FC10BCy32
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Figure C- 40: Cyclic shearing test results of sample FC10BCy38

Figure C- 41: Cyclic shearing test results of sample FC10BCy24

Figure C- 42: Cyclic shearing test results of sample FC10BCy25
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Figure C- 43: Cyclic shearing test results of sample FC10BCy26

Figure C- 44: Cyclic shearing test results of sample FC20BCy9

Figure C- 45: Cyclic shearing test results of sample FC20BCy11
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Figure C- 46: Cyclic shearing test results of sample FC20BCy8

Figure C- 47: Cyclic shearing test results of sample FC20BCy1

Figure C- 48: Cyclic shearing test results of sample FC20BCy6
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Figure C- 49: Cyclic shearing test results of sample FC20BCy15

Figure C- 50: Cyclic shearing test results of sample FC20BCy12

Figure C- 51: Cyclic shearing test results of sample FC20BCy14
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Figure C- 52: Cyclic shearing test results of sample FC20BCy4

Figure C- 53: Cyclic shearing test results of sample FC20BCy28

Figure C- 54: Cyclic shearing test results of sample FC20BCy23
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Figure C- 55: Cyclic shearing test results of sample FC20BCy29

Figure C- 56: Cyclic shearing test results of sample FC20BCy34

Figure C- 57: Cyclic shearing test results of sample FC20BCy35
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Figure C- 58: Cyclic shearing test results of sample FC20BCy36

Figure C- 59: Cyclic shearing test results of sample FC20BCy37

Figure C- 60: Cyclic shearing test results of sample FC20BCy40
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Figure C- 61: Cyclic shearing test results of sample FC20BCy42

Figure C- 62: Cyclic shearing test results of sample FC20BCy43

Figure C- 63: Cyclic shearing test results of sample FC0BCy39
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Figure C- 64: Cyclic shearing test results of sample FC0BCy57

Figure C- 65: Cyclic shearing test results of sample FC0BCy41

Figure C- 66: Cyclic shearing test results of sample FC0BCy42
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Figure C- 67: Cyclic shearing test results of sample FC0BCy34

Figure C- 68: Cyclic shearing test results of sample FC0BCy35

Figure C- 69: Cyclic shearing test results of sample FC0BCy37
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Figure C- 70: Cyclic shearing test results of sample FC0BCy38

Figure C- 71: Cyclic shearing test results of sample FC10BCy46

Figure C- 72: Cyclic shearing test results of sample FC10BCy47
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Figure C- 73: Cyclic shearing test results of sample FC10BCy48

Figure C- 74: Cyclic shearing test results of sample FC10BCy51

Figure C- 75: Cyclic shearing test results of sample FC10BCy19
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Figure C- 76: Cyclic shearing test results of sample FC10BCy18

Figure C- 77: Cyclic shearing test results of sample FC20BCy30

Figure C- 78: Cyclic shearing test results of sample FC20BCy31
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Figure C- 79: Cyclic shearing test results of sample FC20BCy32

Figure C- 80: Cyclic shearing test results of sample FC20BCy25

Figure C- 81: Cyclic shearing test results of sample FC20BCy26

312

Figure C- 82: Cyclic shearing test results of sample FC20BCy27
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